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ABSTRACT 


This  paper  describes  the  results  of  studies  related  to  the  oxidation  of  tungsten 
and  its  alloys. 

The  pressure  of  WO^  polymers  over  WO2  vas  measured  in  a  tungsten  Knudsen  cell 
and  found  to  agree  with  measurements  in  a  platinum  cell.  Literature  data  for  WO2 
and  V.’Oo  v;-ere  combined  with  vapor  pressures  determined  in  this  project  to  give 
thermo^namic  values  for  Wi304^  and  ^20058" 

^Pungsten  oxidation  rates  have  been  measured  from  800°  1700°C  and  in  pressures 
of  oxygen  between  2  x  10"!  and  10"^  atmospheres.  The  effects  of  oxygen  pressure 
indicate  that  the  rate  may  be  governed  by  oxygen  dissociating  to  atoms  at  the  reacting 
surface.  The  oxidation  rate  is  demonstrated  to  be  independent  of  the  oxide  evapor¬ 
ation  rate.  All  of  the  evidence  indicates  that  if  an  oxide  barrier  layer  is  present 
at  temperatures  above  800°C  it  must  be  very  thin. 

Studies  on  the  oxidation  of  tantaliim- tungsten  alloys  between  800°  and  1200°C 
indicate  that  the  50"50  alloy  has  the  greatest  oxidation  resistance,  oxidizing  at  a 
rate  as  much  as  10  times  slower  than  tungsten  alone. 
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OXIDATION  OP  TUlIGSTEN  /iND  TiniGSTEN  BASED  ALLOYS 


GENERAL  H^TRODUCTION 


This  report  covers  the  results  obtained  during  the  past  year  on  studies  of  the 
oxidation  of  tungsten  and  tungsten  alloys.  A  previous  report^,  WADC  Technical  Report 
59“575^  describes  the  work  which  was  carried  out  during  the  first  l8  months  of  the 
project.  The  earlier  study  included:  l)  Measurements  of  oxidation  rates  on  pure 
tungsten  from  500  to  1300°C  in  oxygen  pressures  10“^  to  10"3  atmospheres.  2)  Phase 
diagram  studies  and  vapor  pressure  measurements  over  the  tungsten  oxides.  3)  X-ray 
diffraction  analysis  of  the  oxide  films.  It  was  concluded  that,  a)  oxidation  is 
diffusion  controlled  below  600°C,  b)  from  65O  to  950°C  the  sample  is  covered  with  a 
thin  protective  layer  underneath  a  cracked  thicker  oxide,  c)  above  1200°C  and  below 
10"^  atmospheres  the  oxide  vaporizes  as  fast  as  it  is  formed,  d)  the  four  tungsten 
oxides  vaporize  as  polymers  of  WO^,  e)  the  four  oxides  are  V/Oo,  WpoOj3,  and 

VJO2,  all  with  narrow  homogeneity  ranges  of  about  .04  oxygen  atoms/tungsten  atom  at 
1300°C,  f)  most  of  the  oxide  formed  during  oxidation  is  WO^. 

During  the  past  year  the  research  on  oxidation  of  tungsten  and  its  alloys  has 
been  continued  by  l)  measuring  vapor  pressure  over  WO2  and  mixed  oxides  of  tungsten 
with  hafnium  and  tantaliam,  2)  calculation  of  thermal  properties  of  ^20*^58 

from  298  to  1800°K,  3)  measurement  of  oxidation  rates  of  tungsten  to  1700°C  and  of 
tungsten-tantalum  alloys  to  1200°C,  4)  further  study  of  the  effects  of  oxygen  pres¬ 
sure  and  vaporization  rate  on  the  oxidation  of  tungsten,  5)  x-ray  and  metallographic 
studies  of  the  oxide  film. 


Manuscript  released  by  the  authors  December  i960,  for  publication  as  a  WADC  Technical 
Report. 
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SECTION  I.  VAPOR  PRESSURES  AND  THEH.iODYNAMICS  OF 
ITJUGSTEK  OXIDES  AND  MIXED  OXIDI^S  OF  TUNGSTICN 


INTRODUCTION 


A  necessary  constituent  of  any  study  involving  oxidation  is  a  thorough  knowledge 
of  the  physical  and  chemical  characteristics  of  the  oxides.  With  this  in  mind,  ve 
have  measured  the  vapor  pressures  of  the  four  oxides  of  tungsten  and  their  phase 
limits.  This  study  reports:  l)  additional  data  for  the  vapor  over  WOg,  2)  an 
examination  of  factors  involved  in  establishing  equilibrium  between  gas  and  solid, 

3)  thermodynamic  values  for  the  tungsten  oxides,  4)  research  into  the  mixed  oxides 
of  tvingsten. 


The  vapor  pressures  over  WO^  given  in  WADC-TR-59“575  were  in  fairly  good  agree¬ 
ment  with  those  ob'  'ined  by  previous  authors,  namely,  Ueno^,  Berkowitz  et  al3^  and 
Blackburn  et  al*^.  However,  there  was  some  discrepancy  among  these  data  for  the  heat 
and  entropy  of  vaporization.  Some  of  this  discrepancy  could  be  attributed  to  uncer¬ 
tainties  in  the  slope  and  intercept  of  the  Van't  Hoff  curves  at  the  95^  level.  The 
data  obtained  in  the  Technical  Report  was  over  a  much  broader  temperature  range  than 
the  preceding  work,  leading  to  a  greater  level  of  confidence  in  the  two  thermodynamic 
factors.  One  source  of  error  which  was  not  considered  is  the  presence  of  gas  species 
other  than  W^O^.  This  occurrence  would  lead  to  changes  in  both  entropy  and  heat  of 
vaporization,  since  the  relative  amounts  of  the  other  species  change  with  temperature. 
This  effect  is  examined  in  the  present  report. 

Of  the  remaining  tungsten  oxides,  i.e.  ^'^l8®49>  vapor 

pressure  over  WO2  has  been  previously  studied,  in  that  research,  by  Blackburn,^  Hoqh, 
and  Johnston,  the  heat  and  entropy  of  vaporization  were  inconsistent  with  the  avail¬ 
able  tliermal  data  for  WO^  and  WO3.  However,  the  vapor  pressures  over  WO2  given  in 
the  WADC  report  were  generally  in  accord  with  the  appropriate  thermal  values .  Since 
these  latter  data  were  obtained  using  a  platinum  Knudsen  cell,  there  existed  the 
possibility  LhuL  equilibrium  had  not  been  attained  inside  the  cell.  For  this  reason 
a  tungsten  Knudsen  cell  is  used  in  this  study. 


Until  recently  there  has  been  some  question  about  the  composition  of  the  stable 
oxide  phases  of  tungsten,  as  well  as  uncertainty  about  the  themodynamic  data  for 
these  oxides. 


Coug}ilin^  has  calculated  thermal  values  for  WO2,  W4O1I;  ond  WOo  from  estimated 
heat  content  data,  from  heat  of  formation  of  V/O3  found  by  Huff  et  al°,  and  from 
reduction  equilibria  published  by  WBhler  et  olT  and  by  Shibata°.  Since  the  phase 
designated  by  Coughlin  as  Wj)Oqq  is  generally  accepted  by  crystallographers9  as  W3^30i|g, 
new  values  for  this  phase  can  be  calculated.  A  thorough  study  of  WO2  and  WO3  has 
.just  been  published  by  King,  Weller  and  Christensen^*^.  This  study  includes  low  tem¬ 
perature  heat  capacity  .and  high  temperature  heat  content  data  for  these  two  oxides. 
Furthermore,  there  have  been  two  recent  reduction  equilibria  studies  by  Vasil 'eva 
et  al^  ^  and  by  Griffis^.  This  work  includes  values  for  V^2o058  ^^ich  were  missing 
in  the  earlier  research.  Mah^3  has  determined  the  heat  of  fomation  of  both  V/O2 
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and  WOo,  and  Beard^^  has  raeasurcd  the  enthalpy,  heat  capacity,  and  entropy  of  WO^ 
from  0°  to  1000°C.  The  entropy  of  WO^  at  29G°K  was  calculated  from  low  temperature 
heat  capacity  data  measured  ty  Seitz  et  01^5 .  No  entropy  data  are  available  for 
W18O49  and  V/20058-  King's  data,  when  combined  with  the  vapor  pressure  measurements 
in  this  research,  permit  calculation  of  more  accurate  thermal  values  for  W13OI15  and 
^20^^58  "than  has  formerly  been  possible.  The  values  given  in  our  last  W/JX!  report 
were  based  on  earlier,  less  complete  data. 

The  possibility  of  finding  alloys  of  tungsten  with  better  oxidation  resistance 
than  tungsten  itself  is  another  objective  of  this  project.  With  this  in  mind,  we 
have  attempted  to  find  alloying  additions  in  which  the  metal  and  its  oxides  would 
satisfy  some  of  the  following  conditions:  l)  low  vapor  pressure  compared  to  WO^, 

2)  high  melting  point,  3)  formation  of  a  stable  mixed  oxide  with  WOn  and  a  conse¬ 
quent  lowering  of  the  vapor  pressure,  4)  formation  by  the  mixed  oxide  of  a 

coherent  adhesive  film  bn  the  underlying  alloy. 

The  third  condition  is  tested  by  determining  W':^Oq  pressure  as  a  function  of  the 
concentration  of  the  added  constituent.  Tills  procedure  leads  to  the  discovery  of  the 
composition  of  the  mixed  oxides  as  well  as  to  their  effect  on  the  W^O^  pressure.  In 
most  cases  information  about  vapor  pressures  of  the  metal  and  its  oxide,  and  about 
corresponding  melting  points  are  available  in  the  literature.  The  last  condition, 
formation  of  a  protection  oxide  layer,  is  found  by  studying  the  oxidation  of  the 
alloys.  Further  discussion  of  this  problem  is  reserved  for  another  section  of  this 
report. 


APP/iRATUS 


The  apparatus  used  for  this  study  is  essentially  the  same  as  that  described  in 
Section  I  WADC  Technical  Report  59-575*  It  is  formed  of  a  vacuum  system  constructed 
of  Pyrex  tubing  and  metal  Alpert  valves.  The  furnace,  which  was  sealed  to  the  bal¬ 
ance  section,  consisted  of  a  mullite  tube  heated  by  radiation  from  a  thick  walled 
molybdenum  susceptor.  The  susceptor  was  enclosed  in  a  separately  pumped  vacuum 
jacket  to  prevent  it  from  oxidizing  while  it  was  being  heated  by  a  controlled  induc¬ 
tion  furnace.  A  susceptor  wall  thickness  of  O.7  cm  was  necessary  to  successfully 
shield  the  sample  inside  the  furnace  tube  from  the  magnetic  field  within  the  Induction 
coil. 


The  molybdenum  furnace  has  recently  been  replaced  with  a  new  vacuum  furnace 
shown  in  Figure  1.  ,  In  this  system  the  induction  coi3  is  inside  a  water  cooled  brass 
shell  which  is  pumped  through  a  liquid  nitrogen  trap  by  a  J20  l.oil  diffusion  pump. 

The  susceptor  is  made  of  tungsten  in  order  to  perform  experiments  at  higher  tempera¬ 
tures  .  The  principal  limitation  on  temperature  is  the  availability  of  gas  tight 
refractory  ceramics.  Alumina  may  be  used  to  1900°  while  stabilized  zirconia  is 
useful  to  2200°C.  Counter  balanced  airplane  cable  is  used  for  the  furnace  suspension, 
peimitting  ready  replacement  of  induction  coil,  susceptor  and  furnace  tube. 

Welglit  changes  of  the  Knudsen  cells  were  measured  by  a  quartz  spring  balance 
scaled  inside  the  vacuum  system.  Springs  with  sensitivities  of  l4  and  4l  qg/lO“3cm 
were  used. 
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Fig.  I  -Induction  vocuum  furnoce. 
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Knudsen  cells  were  constructed  oi'  3  platinum  and  5  itil  tuncston  sheet.  The 
latter  was  used  for  VJO2  measurements  while  all  other  loins  were  made  in  platinum  cells 


SAIvIPLE  MATERIAL 

Tunf30ten  trioxide  was  obtained  by  dehydrating  tungstic  acid  at  800°  in  air. 

The  impurities  in  weight  per  cent  as  determined  by  spectroscopic  emalysis  were:  Al, 
0.002;  Cd,  0.003;  Co,  O.OOO;  Cr,  0.005;  Fe,  0.006;  Li,  0.010;  Ni,  0.003;  Si,  0.002; 
Sr,  0.002;  Ti,  0.020;  V,  0.020;  Zn,  0.004.  Tungsten  dioxide  \niB  made  by  mixing  tri¬ 
oxide  and  metal  and  heating  in  a  sealed  platinum  bomb  at  1500^0  for  l/2  hour. 

X-ray  analysis  of  this  material  indicated  weak  lines  for  ^2304^  as  well  as  WO2  lines. 
The  oxygen-tungsten  ratio  iras  found  to  be  I.96  from  chemical  analysis.  The  impuritie 
in  the  tungsten  were:  Ca,  0.001;  Cu,  0.004;  Fe,  0.002;  Si,  0.001;  Mo,  0.004;  Nb, 
0.010;  Zr,  O.O^K).  Mixed  oxides  vrere  made  by  mechanically  combining  WO3  and  the 
second  oxide  in  an  agate  mortar.  The  mixture  was  then  reacted  in  a  sealed  platinum 
container  for  I/2  hour  at  1500°C.  Those  materials  Mere  used:  TapO^,  99 ‘9+/^;  TiOp, 
99-9/^;  and  HfO^,  The  latter  compound  had  the  following  percentages  of  impur¬ 

ities:  Al,  0.040;  B,  0.001;  Cr,  0.006;  Fe,  0.200;  Mg,  0.030;  Mn,  0.004;  Ni,  0.002; 
Pb,  0.002;  Si,  0.110;  Tl,  O.6O;  V,  0.002;  and  ZrO^,  I.8OO. 


PRCCEDURIC 


A  weighed  Knudsen  cell  was  filled  with  oxide  powder,  re-weighed,  fmd  suspended 
from  a  spring  balance  inside  the  evacuated  system.  The  change  in  spring  extension 
as  a  function  of  time  at  constant  temperature  was  recorded.  A  traveling  microscope 
was  used  to  measure  spring  extension  and  length  was  converted  to  weight  change  by 
using  a  calibration  curve  for  the  spring.  The  orifice  area  v;as  found  by  taJeing  a 
photomicrograph  of  the  orifice'  and  measuring  the  area  of  the  ma.gnifled  hole  with  n 
planimctcr,  then  reducing  to  the  original  area  with  the  appropriate  magnification 
factor.  This  procedure  was  necessary  in  the  case  of  the  tiuigstcn  sample  because  of 
the  irregular  hoie  which  v;as  drilled  in  tlie  cell.  These  areas  were  also  corrected 
for  the  Clausing  factor  due  to  hole  thickness  and  thcnnal  expansion  of  the  metal  . 


Pressures  vfcre  calculated  from  the  rate  of  gas  effusion,  — 

m  /  IhrRT 

^  =  IaV  IT¬ 


US  ing  the  formula, 


(1) 


where  m  is  tlie  \r'ii-,tit  of  tlie  effused  gas  in  time  t  froiri  an  (irifice  of  corrected  area 
A,  H  is  the  -as  constant,  T  the  absolute  tcm.TX'rature,  and  M  the  molernilar  v/eight  of 
the  /'•us  r.peelis. 

The  tei'incral  ui-e  \/as  measurctl  \/lth  a  platinum  vs  platinum  iO'/- rhodium  thenno- 
couple  enclosed  in  tiic  hottui'-  of  tlie  molyhdcnui  susceptor.  The  thej-:nocouplc  was 
calibrated  as  a  function  cf  tei'.perature  and  distance  from  the  bottom  of  the  tube, 
and  was  st euidardizcd  against  a  second  theiriocouple  inserted  into  tlic  .r ullite  tube. 
The  calibration  cuia/e  was  then  used  to  compute  the  tenperature  of  tiie  lun.  Mince 
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the  sample  temperature  changed  ns  the  cell  moved  inside  the  furnace  tube,  it  was 
necessary  to  cori'cct  the  pressures  to  a  single  temperature.  This  was  done  by  use 
of  the  following  fomula 


^/here 


T  -Tv  \ 
-)  1 
T  T  / 
av  / 


(2) 


log  P  =  Y  +  B 


(3) 


T  is  the  temperature  of  the  sample,  and  is  the  average  temperature  for  the 
oomolete  measurement. 


RESULTS 

1.  Vapor  Pressures  over  Tungsten  Oxides 

The  vapor  pressures  over  WO2  measured  v/ith  a  tung.sten  ?Cnudsen  cell,  are  given 
in  Table  1.  These  values  were  calculated  assuming  that  the  gas  phase  was  all 
In  fact,  this  is  not  the  case,  for  there  are  significant  ar.ioiuits  of  polymers  of  WO 
over  WO2  in  this  temperature  range  as  will  be  discussed  in  more  detail  later.  The 
vapor  pressures  determined  with  a  tungsten  cell  are  26'j>  lower  than  those  measured 
\?ith  a  platinum  cell. 


TABLE  1 


^3°9 

Pressure  over  WO^ 

in  a  Tungsten  Knudsen 

Cell 

Temperature 

Time 

Weight  Loss 

Effective  Area^ 

W.,0„  Pressu; 

3  9  ^10' 

“K 

Sec . 

cm^  X  10 3 

1526 

3532 

4969 

5.63 

8.35 

1567 

1535 

6160 

5.64 

24.2 

1586 

2039 

13973 

5.64 

41.5 

l6o4 

641 

8206 

5.64 

77.7 

1624 

358 

8217 

5.64 

140 

1630 

155 

5166 

5.6Jf 

204 

1663 

154 

11203 

5.64 

450 

1664 

128 

9560 

5.64 

460 

1669 

57 

11634 

5.65 

1270 

^Area  of  Knudsen  coll  multiplied  by  Clausing  factor  and  corrected  for  thermal 
e.xpansion. 
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Table  2  lists  estimated  amounts  of  the  gas  species  over  WO2  and  WO^  at  1506°C. 


T/dJLE  2 


Estimated  Percentages  of  Gas  Species 


over  WOg 


and  V'O 


3 


at  1506°K 


Gas  Species 
WO 

'^2°6 

W3O9 

^i,°12 

W^0l5 


$  Over 

3.7 

13 

84 

0.16 

0.037 


'Jo  Over  WO^ 

0.0095 

4.1 

69 

27 

0.21 


These  figures  vore  derived  by  assuming  the  following  values  for  the  heat  and 
entropy  of  sublimation  of  WO^  to  the  given  species. 


TjIBLE  3 


Estimated  Heat  and  Entropy  of  Sublimation  of  to  the  Given  Gas  Species 


Gar.  Speeies 

All 

1500 

kcal/mole  of  gas 

AS 

1500 

kcal/mole  of  gas 

WO 

115 

40 

''’2^6 

120 

56 

'‘f9 

121 

63 

'V12 

151 

81 

167 

82 

The  heats  of  vaporization  to  V/^Oj^p  '^5^15  taken  from  Berkowitz  et  al. 

The  entropies  of  vaporization  to  tetramer  and  pentamcr  v/cre  determined  from  the 
ratios  of  these  speeies  to  at  l492°K  as  given  by  Berkowitz  ct  al.  while  the 

entropies  for  the  first  two  speeies  are  estimates  by  Aekermann  et  al^'^.  The  heat 
for  Wp0(5  was  based  on  the  assxamption  that  its  pressure  is  yfo  of  the  trimer  at  l492°K. 
(Berkowitz  estimates  that  both  monomer  and  dimer  are  less  than  5“^  of  the  trimer.) 

The  heat  of  vaporization  of  the  monomer  was  based  on  the  supposition  that  the  heat 
of  dissociation  of  dimer  to  monomer  is  110  kcal/mole.  In  an  analogous  system, 
Blackburn  ct  al  found  the  heat  of  dissociation  of  H02Q9  (g)  to  3  (g)  to  be 

220  kcal. 

The  equilibrium  constant  at  a  given  temperature  for  the  various  species  in 
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equilibrium  with  V/Oo  (s)  may  be  calculated  from  Table  3-  'i^he  ratios  of  these  species 
over  V/Op  is  then  calculated  from  the  total  pressure  over  1/02- 

In  WAIX!  Technical  Report  59" 575,  the  heat  and  entropy  of  vaporization  of  WO^  to 
W3OQ  vere  given  as  All  :=  123*6  kcal/mole  of  and  AS  =  65*5  e.u./mole  of 

These  values  vere  derived  from  the  slope  of  the  log  P  vs  l/T  curve  without  correcting 
for  the  presence  of  other  species.  The  corrected  heat  and  entropy  of  vaporization 
of  WO 2  to  W^O^  are 

AH  =  121.3  ±  1*9  kcal/mole  of  W^Og 

and 

AS  =  63.2  e.u./mole  of  W^Og 

It  should  be  pointed  out  that  only  thermodynamic  values  for  the  trimer  and  tetramer 
have  been  measured.  Hence  the  correction  to  the  slope  of  the  Van't  Hoff  plot  as  well 
as  the  percentages  in  Table  2,  are  necessarily  tentative. 

A  least  squares  fit  of  the  values  obtained  using  a  platinum  cell  in  Teclinical 
Report  59-575  gives  for  the  reaction 

9/2WO2  (s) - (c)  +  3/2W  (s)  (4) 


and 


A]{  =  151*3  +  6.4  kcal/mole  of  W^Og 


AS  =  76*3  e.u./mole  of  W^Og 

while  the  values  given  in  Table  1  give  for  reaction  (4)  using  a  tungsten  cell 


and 


AH  =  152.8  +  8.9  kcal/mole  of  W^Og 


AS  =  76*6  e.u./mole  of  W^Og 


Adhere  the  spread  in  AH  is  calculated  at  the  95^  confidence  level.  The  data  obtained 
A^ith  the  tungsten  cell  are  about  9/^  greater  than  that  calculated  from  free  energies 
derived  by  King  et  ol^*^  for  WOp  and  WO3  (See  Tables  4  and  5)*  The  heat  and  entropy 
of  vaporization  for  reaction  (4)  may  be  calculated  from  King's  data  and  the  heat  and 
entropy  of  vaporization  of  WO^*  That  is 

9/2  WO2  (s) - ^3  WO3  (s)  +  3/2  W  (s)  27,600  9*9 

3  WO3  (□)  - ►  W30g  (g)  123,1600  65*5 


9/2  HOp  (s)  - ►  W^Og  (g)  +  3/2  W  (s)  151,200  75*4 
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This  excellent  agreement  for  the  heat  and  entropy  rnay  he  compared  to  those 
[^iven  hy  Blackhum  et  al^  for  the  snr.'.e  reaction  in  a  p].atimun  cell.  Blackhum  found 
AH  =  90.2  kcal  and  AS  =  4o.5  e.u./nole  of  WoOn.  The  data  from  thl.s  research  is 
plotted  in  Fiojiire  2  alon^  vith  Blackhum 's  data.  It  is  helieved  that  the  principal 
reason  for  the  large  discrepancy  in  these  two  sets  of  data  is  the  fact  that  Blackhum 
et  al  attempted  to  measure  the  disproportionation  of  WO2  at  temperatures  whore 
equllihri\i:n  in  the  solid  phase  is  not  readily  attained.  Measurements  of  vapor  pres¬ 
sure  as  a  function  of  oxide  composition  have  shovm  that  the  solid  pliase  does  not 
approach  equilihrium  helow  1200°C  at  a  rate  equal  to  or  greater  than  the  effusion 
rate  of  V/oOq  (g)  from  the  ICnudsen  cell.  Figure  3  shows  data  obtained  at  1150°C. 

The  dashed  line  shows  the  expected  curves  as  determined  at  higher  temperatures .  The 
lack  of  agreement  indicates  a  failure  to  attain  equilihrium.  Tlie  gas  phase  presents 
no  difficulties  since  the  pressure  measured  over  V/O3  hy  both  Langmuir  and  Knudsen 
methods  are  in  excellent  agreement  at  900°C.  (See  WADC  TR  59"575-) 

It  vas  suggested  in  the  preceding  report  that  the  failure  to  reach  equillhriiun 
at  lower  temperatures  was  due  to  a  diffusion  controlled  reaction.  However,  diffusion 
control  occurs  only  if  the  heat  of  diffusi.on  is  greater  than  the  heat  of  vaporization. 
Such  a  condition  is  not  involved  here,  because  equilihrium  is  attained  at  hlglier,  not 
lower  temperatures .  Hence,  the  activated  process  controlling  the  reaction  at  low 
temperatures  must  operate  at  greater  speed  than  the  effusion  rate  ut  high  temperatures, 
and  at  a  lower  rate  than  the  anticipated  effusion  rate  at  low  temperatures.  This  sit¬ 
uation  requires  the  activated  process  to  have  a  heat  of  activation  in  excess  of  152  kcal 
(the  heat  of  disproportionation  of  WC2  (n)  to  W  +  V/^O^  (g)  )•  In  terras  of  other  pro¬ 
cesses  vdiich  have  heen  studied,  such  as  surface  diffusion,  adsorption,  desorption, 
this  is  on  unusually  high  value  for  a  heat  of  activation.  Heats  of  diffusion  usually 
fall  between  10  and  Oo  kcal.  The  parabolic  oxidation  of  tungsten,  which  appears  to 
occur  initially  at  lover  temperatures,  yields  a  heat  of  diffusion  hetvreen  30  and  60 
l:cal/mo3o  of  oxygen.  Since  this  reaction  requires  1  I/2  moles  of  oxygen  for  the 
fonnation  of  V/^Og  from  VJO2,  i.o. 

3WO2  (3)  +  3/2  0^  (g) — (0)  (5) 

the  heat  of  activation  should  he  between  45  and  90  kcal.  Another  possible  e.xplan- 
ation  is  nucleation  and  growth  of  the  other  phases.  Very  little  research  has  heen 
done  on  this  process,  so  the  limits  of  the  fieats  of  activation  are  not  known. 

Although  the  values  for  the  VJ^O^  ( g)  pressure  resulting  from  disproportionation 
of  W]30),,o  ojid  W20O55  to  (c)  and  the  next  lower  oxide  were  given  in  WADC  TR  59-575^ 

ther.;'.c:Iyna.mic  values  vcrc  not  given.  Since  these  will  he  used  to  calculate  free 
energies  of  formation  for  the  tungsten  oxides,  the  values  are  given  helow. 

For  ^  ^'^18049  (g)  +  V/O2  (s)  (6) 

AH  =  122.0  +  2.9  kcal /mole  of  V/^O^ 

and 

AS  =  59-6  c.u./mole  of  W^Og 
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Fig.3-Logorithm  of  W3O9  pressure  over  tungsten  oxides 
from  WO3  to  WO2.5  1150  C. 
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For 


(7) 


W20O58  (s) - ►'^3^9  (e)  +  -^  ^hQ%9  (g) 


and 


AH  =  128.3  +  9.8  keal/raole  of 
AS  =  66.5  e.u./mole  of  V/^O^ 


where  the  uneertainty  in  the  heat  of  vaporization  is  at  the  95^  confidence  level. 


2 .  Tliermodynamies 

Kins  c't  al^®  have  measured  the  low  temperature  heat  capacity  and  high  temperature 
heat  content  for  V/O2  and  V/O^.  They  have  tabulated  these  two  functions  in  the  range 
where  each  wan  measured  as  well  as  the  entropy  at  298.15  and  at  high  temperatures. 
These  authors  have  also  calculated  the  heat  and  free  energy  of  formation  for  WO^  and 
V/O2.  Their  values  are  presented  in  Tables  4  and  5* 


TABLK  4 

Heat  and  Free  Energy  of  Fomation  of  WO 


10 


Temperature 

-AH 

-af” 

keal/mole  of  WO^ 

kcal/mole  of  WO 

298.15 

201.45 

182 . 65 

1(00 

201.25 

176.2 

500 

200.9 

170.0 

600 

200.45 

163.85 

700 

200.0 

157.75 

800 

199.5 

151.75 

900 

199.0 

145.85 

1000 

198.5 

139.95 

1050 

198.25 

137.05 

1050 

197.05 

137.05 

1100 

197.65 

134.15 

1200 

197.15 

128.4 

1300 

196.7 

122.65 

11(00 

196.25 

117.0 

1500 

195.75 

111.35 

IWO 

195.25 

105.75 

1700 

194.75 

100.15 

I7'i5 

194.55 

97.65 

171(5 

177.0 

97.65 

1800 

176.35 

95.15 

1900 

175.25 

90.65 

2000 

174.2 

86.25 
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Heat  and  Free  Energy  of  Formation  of 


Temperature 

-All 

-AF° 

°K 

kcal/mole  of  V/O^ 

keal/mole  of  WO, 

298.15 

ll\0.93 

127.6 

IhO.B 

123.05 

500 

1I1O.6 

118.65 

600 

1^K).3 

114.30 

700 

139-95 

110.0 

8no 

139.6 

105.75 

900 

139.2 

101.55 

1000 

138.85 

97.35 

1.100 

138.45 

93.25 

1200 

138.05 

89.15 

1300 

137.65 

85.05 

i4oo 

137.25 

81.05 

1500 

136.8 

77.05 

1600 

136.3 

73.1 

1700 

135.7 

69.15 

1800 

135-0 

65.25 

1900 

134.25 

61.4 

2000 

133.4 

57.6 

The  values  given  in  Tables  J|  and  5  when  eorabined  with  the  vapor  pressures  over 
the  four  oxiOes  may  be  used  to  ealeulate  thennal  values  for  the  two  intermediate 
oxides,  and  V/goO^s*  The  follovdng  equations  v/ere  used  for  W;|^8^49* 


^  W30g  (g)  +  ^  WO2  (s)  — ►  ^  (=) 

^1600'^'^ 

-29,760 

^-^1600^ 

-15.21 

^  U  (s)  +  ^  O2  (g) - ►  ^  WO3  (s) 

-l4l,010 

-4o.)tO 

IS  ™3  — •'ll  ^‘3^9 

+29,760 

+15.70 

^  W  (s)  +  ^  O2  (c)— 3I  V/O2  (0) 

-37,860 

-10.97 

w  (s)  +^02  (g)  - ^  IQ  Wp0O49 

-178,870 

-50.80 

In  cnJ-Culating  the  heats  of  vaporization  for  the 

two  intei'mcdiate 

oxides  it  was 

assu-’ied  that  the  value  found  for  VJO-  would  yield  quantities  with  better  internal  eon- 
sistaiicy  than  those  found  experimentally  (F.quations  6  and  7)»  The  spread  for  eaeh  of 
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these  heats  determined  at  the  95/^  level  includes  the  heat  for  V/O3.  Thus  it  is  not 
possible  to  eliminate  the  supposition  that  they  all  are  equal.  If  the  heats  of 
vaporization  of  WO3,  W20O58  and  V/]^80l|.g  are  equal,  it  follows  that  the  heats  of  for¬ 
mation  of  the  two  intermediate  oxides  are  a  linear  function  of  their  oxygen  concen¬ 
tration.  Ilie  entropy  for  vaporization  of  V/18O45  and  W2o0ij8  calculated  by  least 
squares  giving  the  value  used  at  l600°K.  Since  the  heat  of  formation  at  l600°  is  a 
linear  function  of  the  oxygen  concentration,  the  same  procedure  may  be  used  at  298. I5 
where  the  values  are  again  determined  from  Tables  4  and  5-  An  average  heat  capacity 
term  ACp  was  found  by  dividing  the  difference  in  these  two  heats  by  the  temperature 
interval. .  That  is 


,  ^1600  -  ^^298 

P  (1600-298) 


The  heat  of  formation  then  is 


=  AH^  +  ACpT 


where  All  is 
o 

AH^^8  -  298ACp 


(8) 

(9) 


(10) 


The  free  energy  of  formation  is 


AF  =  AH^  +  ACpT  -  13^290  ■  (11) 

vfhere  AS^^q  is  fo\ind  by  calculating  AF  at  16OO  from  AHj^^qq  and  AS^^oo*  free 

energy  equation  for 


is 


W  (s)  +^02  (g)  - ►  Wi804g  (s) 

AF  =  -  185,960  +  87.99  T  -  10.20  T  log  T 


The  thermal  values  for  the  formation  of  Wj^gO^g  are  given  in  Table  6. 


(12) 


(13) 
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TABLE  6 


Heat  and  Free  Energy  of  Formation  of  l/l8 


Temperature 

°K 


kcal/mole  of  l/l8 


kcal/mole  of  l/l8  W-]^80i^^ 


298.15 

liOO 

500 
600 
700 
800 
900 
1000 
1100 
3  200 

1300 

ll+OO 

1500 

1600 

1700 

1800 


184.650 

167.25 

184.20 

161.40 

183.75 

155.70 

183.30 

150.15 

182.85 

ll^4.70 

182.  Jk) 

139.25 

181.95 

133.80 

181.55 

128.55 

181.10 

123.30 

180.65 

118.05 

180.20 

112.85 

179.75 

107.70 

179.30 

102.55 

178.85 

97.45 

178.40 

92. 'lO 

178.00 

87.30 

Using  the  sajne  procedure  for  W20O58  following  reactions  are  needed: 

'^^l&o"^  "^IGOO^-^ 

^  V/3O9  (g)  +  W1QO49  (s) - ►  i  U20O58  (°)  -26>360  -13. '|8 

^w(g)+||  02(g) — -124,960  -35.80 

||  V/O^  (s)  - ►  ^  U3O9  (g)  +26,360  +13.92 

|r  u  (s)  +  ^  O2  (g)  — ^  Wi80!,9  (s)  -64,390  -18.32 


w  (s)  +  §  02  (g)  ^  V/20O58  (s) 


-189,350 


-53-68 


ACp  and  ^.0293  cire  calculated  as  they  were  for  V/2^qOj^9  and  substituted  in  equation  11 
to  give  the  free  energy  of  fomation  of  I/20  ^20^58 

AF  =  -  196,770  +  92.57  T  -  10.69  T  log  T  (l4) 

Table  7  gives  the  free  energy  and  heat  of  formation  of  I/20  W2q0^8  using  equation  l4 . 


\/ADC  TR  59-575  Pt.  II 


15 


TABLE  7 


Heat  and  Free  Energy  of  Formation  of  I/20  ^20^ 


Temperature 


-AH 

kcal/mole  of  I/20 


-AF 


kcal/mole  of  I/20  ^20^38 


298.15 

195 

177.05 

)K)0 

194.90 

170.90 

500 

194.45 

164.90 

600 

194.00 

159.05 

700 

193.55 

153.30 

800 

193.10 

147 . 50 

900 

192.60 

l4l.80 

1000 

192.15 

136.30 

1100 

191.70 

130.70 

1200 

191.20 

125.20 

1300 

190.75 

119.70 

1400 

190.30 

114.25 

1500 

189.80 

108.85 

1600 

189.35 

103.45 

1700 

188.90 

98.10 

1800 

188.45 

92.80 

3.  Tiingsten  Oxide  Pressures  over  Mixed  Oxides  of  Tungsten 

Two  refractory  oxides  have  heen  reacted  with  WO-^;  and  the  vapor  pressure  of  the 
mixture  determined  by  rate  of  effusion  at  a  constant'  temperature.  The  added  oxide 
is  limited  to  a  fev;  compounds  by  the  follov^ing  considerations;  a)  the  oxide  must  have 
a  vapor  pressure  less  than  WOg,  b)  the  melting  point  of  the  oxide  must  be  greater 
than  WO-^,  c)  the  metallic  component  of  the  oxide  must  be  one  which  can  be  alloyed 
with  tungsten.  This  requires  a  metal  with  a  low  vapor  pressure.  With  regard  to  con¬ 
dition  (c),  e;qperlence  has  shown  that  an  alloying  clement  with  a  vapor  pressure 
greater  than  chromium  is  lost  too  rapidly  at  the  alloying  temperature  to  remain  in 
cignificai\t  rur.ounts  in  the  tungsten. 

Log  p/Pq  versus  the  V/O^  concentration  in  mixed  oxides  of  tantalum  and  hafnium 
are  plotted  in  Figure  4.  In  this  case,  P  is  the  measured  pressure  of  W^Og  while  Pq 
is  the  V/30g  pressure  over  WO3.  Each  system  was  measured  at  a  constant  temperature. 

The  V/30^  pressure  over  the  V/-Hf-0  sys^em  decreased  smoothly  to  about  one  quarter  of 
that  over  pure  V/O3.  The  decrease  in  pressure  to  25  mole  'fo  WO3  is  equivalent  to  that 
calculated  from  the  entropy  of  mixing  in  an  ideal  solution.  Below  25  mole  the 
measured  pressure  is  higher  than  that  calculated  from  the  entropy  of  mixing.  There 
v/as  no  evidence  for  the  formation  of  a  stable  compound  in  this  system.  J\n  explanation 
for  the  failure  to  form  a  stable  mixed  oxide  is  the  large  size  of  the  hafnium  +4  ion, 
about  20'/j  Gi*eater  Uian  W  +4.  This  exceeds  the  generally  accepted  rule  that  ionic 
substitution  in  a  lattice  is  only  likely  to  occur  when  the  ionic  diameters  are  within 
15, j  of  each  other.  The  observed  decrease  in  the  W^Og  pressure  over  this  system  could 
be  due  to  the  fonnation  of  the  solid  solution  as  suggested  above,  or  perhaps  to  some 
rate  limiting  factor  such  as  effusion  through  the  remaining  Hf02  powder. 
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cu«vt  5I5T27 


0/M  Ratio  (W-Ta-0) 

3.0  2.91  2.83  2.77  2.71  2.67  2.63  2.59  2.56  2.53 


Fig.4-Tungsten  oxide  pressures  over  W-To-O  system  at  1403*^0 

and  over  W-Hf-0  system  at  1258  °C. 
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’  In  the  Ta-V/-0  system  the  V/^O^  pressure  decreased  to  about  2.5;^  of  fho  pressure 
over  at  63  mole  'fj  V'O^*  There  is  a  break  in  the  curve  at  this  point  followed  by 
a  further  decrease  in  the  WoOq  pressure  with  TupO^  enrichment.  Tliis  break  occurs  at 
an  oxygen/meta]  ratio  of  2.730.  Tliis  is  very  close  to  the  oxysen-mctal  ratio  in 
V/iqOJi^,  su(3p;estin2  that  the  com.pound  formed  may  be  a  tantalum  substituted  tunesfen 
oxide  with  composition  Ta2^o''/8f’49-  further  evidence  for  this  liypothe.sis  the  level 
of  the  V/^O^  pressure  over  is  indicated  in  Figure  4,  along  with  the  additional 

lowering  of  the  pressure  in  Ta;LQWQ0j^^  caused  by  the  entropy  of  mixing.  The  measured 
pressure  is  in  fairly  good  agreement  with  that  calculated  over  Taj^qV/gOj^g.  The  shapes 
of  the  curves  on  cither  side  of  the  brealc  suggest  that  this  compound  foms  a  solid 
solution  with  WO3  on  the  one  hand,  TapOi^  on  the  other,  and  a  narrow  2  phase  region. 

A  curve  cal.culated  on  this  assumption  is  in  fair  agreement  i/ith  the  measured  curve. 
The  measured  curve  falls  belov:  the  calculated  curve  and  decreases  much  more  rapidly 
at  the  tantalun-rich  end.  Here  again,  as  in  the  IIf-Vl-0  system,  evaporation  limiting 
factors  may  influence  the  shape  of  the  curve.  Analysis  of  the  starting  material  and 
of  the  residue  of  a  measurement  at  1200°C  on  the  Ta-W-0  system  indicates  that  less 
than  l'‘i  of  the  vapor  consisted  of  tantalum  oxide. 


DIGCU.'irJIOII 


The  vapor  pressure  over  WOp  as  measured  with  a  plntinur;i  cell  is  in  fairly  good 
agreement  with  that  measured  ;;ith  a  tungsten  cell.  It  was  assumed  that  equilibriiun 
in  the  platinum  cell  might  be  haapered  b;/  the  solution  of  tungsten  in  platinum. 

However,  the  results  indicate  that  this  effect,  or  others,  only  resulted  in  a  pressure 
difrcrence  of  26', j.  The  results  of  both  measurements  yield  values  v:hich  arc  in  good 
agreement  -with  the  thermal  data  for  UOp  and  V/O3.  The  earlier  vapor  pressure  measure¬ 
ments  of  Blackburn,  Hoch  and  Johnston  were  foamd  to  be  in  error  due  to  failui'c  to 
attain  equllibrixun  in  the  solid  phase  at  temperatures  below  1200'’C. 

The  amount  of  gas  species  other  than  has  been  calculated  from  estimated 

heats  and  entropies  of  vaporization.  Of  the  three  other  species  only  one,  W^Oqp,  has 
been  measui’ed  aecuratcly.  There  is  a  lack  of  consistency  among  the  thermal  values 
for  the  four  species  estimated  in  this  research.  Ihc  uncertainty  in  the  correction 
to  the  thermal  val\ics  for  is  such  that  the  magnitude  of  tiie  heat  and  entropy 

could  be  increased  rather  than  decreased  should  more  accurate  values  be  available. 

The  heat  and  free  energy  of  fomation  of  the  W^^gOjj^  and  W2O®50  have  been  calcu¬ 
lated  from  literature  data  and  the  vapor  i^ressurcs  measured  here.  In  making  these 
calculations  the  gas  phase  over  the  oxides  was  assumed  to  consist  entirely  of 
A  calculation  was  made  for  V/Op  at  1506°K  in  which  the  gas  species  is  significantly 
different  fro:;i  that  over  The  free  energy  of  formation  vras  computed  by  consid¬ 

ering  the  other  species.  In  this  case,  there  was  less  than  2'^  calorics  difference 
between  the  t;ra  methods  of  calculation.  Since  there  is  considerable  doubt  about  the 
thermal  values  for  the  other  species,  and  since  the  maximuir.  error  Is  less  thfui  2530  ec '  , 
there  is  no  justification  for  a  more  complex  treatment  of  the  data  than  has  been  used 
he  re . 
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SECTIOI'I  II.  KIKETICS  OF  OXIDATION 


INTRODUCTION 

In  an  earlier  study^  the  kinetics  of  the  oxidation  of  tim^sten  sheet  and  wire 
specimens  v/ere  studied  hetween  500  and  1300°C  over  the  pressure  range  of  10"^  to  10“3 
atmospheres  of  o::ygen.  The  results  showed:  1)  A  protective  oxide  was  formed  below 
600°C.  2)  From  650-950°G  a  protective  oxide  scale  was  formed  initially.  After 

reaching  a  certain  thickness  the  oxide  scale  eraclced  away  from  the  metal  at  local 
areas  which  gave  easy  access  of  oxygen  to  the  metal  and  a  linear  rate  of  oxidation. 

3)  Between  1000  and  1300°C  the  mechanism  of  oxidation  changed  with  temperature  and 
pressure.  At  1200°C  and  higher,  the  rate  of  oxidation  was  detenained  by  the  rate  at 
which  oicygen  arrived  at  the  surface,  by  diffusion  of  the  volatilized  oxide  av/ay  from 
the  surface  and  by  geometrical  considerations  of  the  sajnple  surface  area. 

T\ro  difficulties  were  encountered  in  the  earlier  study.  First,  the  sheet  speci¬ 
mens  had  a  laminar  structure  and  therefore  oxidized  more  rapidly  at  the  edges.  This 
vras  observed  for  oxidations  above  800°C.  Second,  since  the  v/ire  specimens  were  only 
9  mils  in  diajueter,  the  metaJ.  v/as  quickly  consumed  by  oxidation. 

In  this  study:  1)  a  modification  of  our  earlier  mierobalanee  method  is  described 
for  extending  the  range  of  the  oxidation  experiments  and  for  elimination  of  the  edge 
type  of  reaction,  2)  measurements  are  presented  on  the  oxidation  of  pure  tungsten  rod 
sajnples  over  the  temperature  range  of  950  "to  1200°C  and  for  oxygon  pressures  of  0.01 
zc  0.10  atiiiospheres,  3)  measurements  are  presented  on  the  rate  of  oxidation  of  three 
tungsten-tantalum  alloys  from  OOO  to  1200°C  at  0.1  atmospheres  of  oxygen  pressure, 

4)  a  ncv7  method  is  described  for  the  study  of  the  kinetics  of  oxidation  of  tungsten 
based  on  oxygen  consumption  of  the  metal,  5)  crystal  structure  studies  are  made  of 
the  oxide  scales  and,  6)  an  interpretation  of  the  kinetic  data  is  developed. 


I'lXPl'IRBN'JUTAL  -  MICROBAIANCE  GYSTl'M 


1 .  Microbalance 

A  ne^/  type  of  balance  v/as  designed  to  utilize  tungsten  specimens  weighing  up  to 
10  gm.  The  bean  and  support  were  designed  to  fit  the  conventional  microbalance  reaction 
system.  Invar  metal  n/as  used  in  the  construction.  The  over-all  length  of  the  beam 
n/as  111 .  5  em  and  the  weight  of  the  beam  was  about  46  gm.  The  Invar  bodanee  was  gold 
plated  and  is  shown'  in  Figure  5*  Calibration  of  the  balance  shov/ed  a  sensitivity 
ran ',iug  from  38*9  ^  lO"^  gm/o.OOl  cm  deflection  for  a  specimen  weight  of  O.9680  gm 
to  43.5  10“^  gm/O.OOl  em  deflection  for  a  5*2256  sanple.  The  specimens  were 

placed  in  a  small  platinum  bucket  suspended  by  a  platinum  wire  from  the  beom  end. 

The  techniques  used  v/ere  similar  to  those  used  in  our  earlier  study^-. 

2 .  Samnlcs 


The  pure  tunijsten  specimens  were  machined  from  rod.  The  alloy  specimens  v/ere 
machined  from  snuill  buttons  which  had  been  prepared  by  the  are  melting  of  pure  powders 
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-Invar  Balance 


in  an  ar^^on  atmo:>j)liero.  Ti-icy  \/erc  then  polished  throuf^h  )i/0  polishin"  paper  tmd 
vashed  v?ith  j)ctro.l  cur.i  ether  and  alcoliol.  Photo, 'graphs  of  the  vinreactcd  specimens  are 
shown  in  A  and  C  of  Ficure  6. 


A  spectrocraphic  analysis  of  pure  tunt'sten  shov/ed  the  following  in  parts  per 
million;  Ti,  <  10;  ITj,  <  100;  Mo,  <  hO;  Fe,  15;  Gi,  10;  B,  <10;  Be,  1;  Mn,  <  1; 
Ms,  <  10;  Cr,  <  10;  Al,  <  10;  V,  <  40;  Pi,  <  5;  Cu,  25;  As,  <  1;  Ca,  <  10. 


Kinetic  studies  were  made  on  pure  V/,  50W-50Ta,  75^'<’-25Ta,  and  90W-10Ta.  The  alloy 
compositions  are  nominal  weight  percents.  Tlie  si7,es  of  the  specimens  were  varied 
dependins  upon  the  amount  of  reaction  expected.  The  jjurc  V/  specimens  v?oishcd  from 
0.4613  0.95^^^^  fTi's  with  surface  areas  from  O.505  cm^  to  O.7OO  cm^. 


REGULTG 

1.  Kinetic  Gtudy 

A.  Fffcct  of  Temperature 

The  Invar  balance  was  used  to  study  the  reaction  of  V/-Ta  alloys  with  oxycen  and 
the  effect  of  pressure  on  the  oxidation  of  tungsten  at  1200°C.  Tlie  alloy  data  arc 
summarized  in  Table  8. 

Due  to  the  vaporization  cf  WO^  at  1100°C  and  above,  it  v/as  necessary  to  correct 
the  data  obtained  using  the  balance.  It  was  assumed  that  the  rate  of  loss  of  oxide 
by  vaporization  is  linear.  To  find  the  amount  vaporized,  the  oxide  scale  was  removed 
mechanlcal.ly  and  the  remaining  tungsten  was  v/cighed.  The  amount  of  oxide  formed  is 
tlicn 

(w  -  w  )  (15) 

i  1  M(V) 

vdicre  is  the  \7eight  of  unrcactcd  tungsten,  V/p,  the  weight  of  descaled  metal,  M(v;02) 
and  M(w)  are  the  molecular  weights  of  V/O^  and  V/,  respectively.  The  amount  of  oxide 
remaining  on  tlie  sample  is 

Wj.  -  (16) 


where  V/q  is  the  weight  of  the  specimen  after  oxidation.  The  difference  between  15 
and  16  is  the  weight  of  oxide  lost  by  vaporization.  This  is  divided  by  the  time  and 
sample  area  and  added  to  the  measured  weight  change  to  obtain  the  oxidation  curve . 
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A.  U n reacted  W 


B.  W  oxidized  at  1050T 


7. 6  cm  of  Hg  of  0^  -  80  min. 


10  X  10 

C.  Unreacted  W-Ta  alloy  D.  90W  -  lOTa  alloy  oxidized  at 

1000'’c  -  7. 6  cm  of  Hg  of  0^  -  2  I 

Fig.  6  —Photographs  of  W  and  W-Ta  Specimens 
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TABU"  0 


Effect  of  Temperature  on  Oxidation  of  V/  Alloys  "J  .6  cm  of  Ilg  of  Oxygen 


Alloy 

Temp. 

°C 

V7t. 

30 

Gain  (>rgy 

60 

2 

/cm  )  at  Time  (min) 

120  180 

90V/-10Ta 

900 

7.1 

14.6 

28.8 

42.8 

1000 

11.7 

24.2 

49-3 

— 

1050 

13-3 

28.2 

54.1 

-- 

1100  * 

23. 

48.7 

-- 

-- 

1200  * 

56.6 

98.6 

-- 

-- 

75W-25Ta 

900 

7.4 

12.8 

17.2 

1000 

10.3 

17.8 

31-0 

43.1 

1050 

16.1 

30.0 

40.8 

34.3 

1100  * 

36.3 

66.1 

-- 

— 

1200  * 

56.5 

98.6 

180.0 

— 

■jOW-  50Ta 

800 

1-3 

1.9 

2,6 

3.2 

900 

2.9 

4.5 

7.5 

11.9 

1000 

6.7 

9.4 

13-0 

17.2 

1000 

9.2 

7.4 

10. 5 

12.9 

1000 

6.3 

8.8 

12.5 

14.9 

1100 

a. 3 

11.6 

16.2 

20.2 

1200 

12.3 

17.2 

24.1 

29.2 

*  V/t.  gains 

corrected  for  loss 

of  V/O3  by  vaporization. 

The  vaporization  rate  of  WO3  as  a  function  of  pressure  was  measured  at  1000, 
ll.OO  find  1200°C .  This  data  is  shovm  in  Figure  J  along  with  some  values  taken  from 
Opeiner' sl'?^  curve  determined  at  a  pressure  of  one  atmosphere.  It  was  believed  that 
these  curves  could  be  used  to  correct  the  balance  data.  Hov/ever,  at  1200°C  and 
pressures  less  than  0.1  atm.  the  vaporization  rate  of  the  oxidizing  samples  (as 
deteiinined  above)  was  less  than  that  in  Figure  7.  At  1200°C  and  0.1  atm.  the  vapor¬ 
ization  rates  v;ere  about  the  same.  ITiis  suggests  that  oxidation  is  independent  of 
the  vaporization  rate,  since  at  lower  pressures  the  oxidation  rate  is  not  fast  enough 
to  produce  the  vaporization  rate  of  pure  V/O^. 

The  corrections  to  the  v/elght  gain  curves  for  vaporization  of  oxide  were  mode 
on  W,  90W-]0Ta  and  7‘j\^-2'yTa,  but  not  on  the  50>'/-50Ta  samples.  The  oxide  scale  on 
the  latter  samples  adJiered  to  the  metal  so  tightly  that  it  was  imjjossible  to  remove 
without  also  removing  metal,  'fhe  cui’ves  for  90\/-50Ta  represent  the  difference  between 
oxygen  reaction  and  oxide  loss.  The  oxide  loss  is  believed  to  be  less  for  ‘jOW-^OTa 
thfui  for  the  others.  The  oxidation  rate  of  these  samples  v/ill  be  mea.sured  during 
the  next  year  with  the  induction  furnace  ujixjaratus  described  in  the  following  section. 
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Fig.  7  -Evaporation  of  WO3  versus  stotic  gas  pressure. 
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The  effect  of  temperature  on  the  oxidation  of  alloyc  50''/"50Ta,  75W-25Ta  and 
90V/-10Ta  is  choTO  in  Figures  0,  9  and  3.0,  respectively.  The  results  are  graphed  as 
weight  gain  versus  time  plots  for  three  hour  runs. 

In  Figure  0  are  plotted  the  weight  gain  curves  for  the  oxida.tion  of  the  75''^"25Ta 
alloy  over  the  temperature  range  of  900"t200°C.  These  appear  to  be  more  linear  than 
the  curves  of  the  50W-50Ta  alloy.  VJith  tlie  exception  of  the  50W~50Ta  alloy  and  at 
temperatures  of  1100°C  and  above,  corrections  were  i.uide  to  our  final  weight  gain 
curves  for  the  loss  in  weight  due  to  the  vaporization  of 

The  weight  gain  curves  for  the  90VJ-10Ta  a3.1oy  arc  seen  in  Figure  9"  Tlie  curve 
for  the  1200°C  oxidation  shows  a  slight  decrease  in  the  rate  after  the  first  few 
minutes  of  oxidation.  In  general  the  shape  of  the  cui’ves  is  linear. 

Figure  10  shows  the  oxidation  curves  of  the  50VJ-50Ta  alloy  for  the  tcmijerature 
range  8Q0-1200°C  at  an  oxygen  pressure  of  a  tenth  of  an  atmosphere.  The  curves 
indicate  a  decrease  in  rate  as  the  reaction  proceeds.  In  curve  B,  a  slight  increase 
in  rate  may  be  seen  after  about  two  hours  of  reaction.  Examination  of  this  specimen 
indicated  that  this  was  due  to  the  exposure  of  some  fresh  metallic  surface  to  the 
oxygen  atmosphere  during  the  course  of  the  oxidation. 

A  comparison  of  the  oxidation  of  V/  \7ith  these  three  alloys  at  1200°C  and  0.'{6  cm 
of  o.xygen  is  plotted  in  Figure  11.  Pure  tungsten  oxidizes  the  fastest  and  50W-50Ta, 
the  slowest.  The  75^'^"25Ta  and  thie  ^\l~10T!a.  show  the  sane  rate  of  oxidation. 

B.  Effect  of  Pressure 

The  Invar  balance  was  used  to  oxidize  tungsten  in  the  pressure  range  of  0,'(6  ci.i 
to  "1 .6  cm  of  oxygen  and  the  results  arc  ta3)ulated  in  Table  9*  ITiis  data,  obtained  at 
1200*^0,  is  plotted  in  Figure  12.  Tlic  oxidation  rate  from  these  four  neasui’cments  is 
plotted  in  Figure  I3  along  with  Langmuir' s^^  data  for  lower  pressures.  In  addition 
to  these  values,  three  measurements  v/erc  taken  fi’om  the  rate  of  weight  loss  of  tungsten 
wire  reacted  at  low  pressures  witii  oxygen  reported  in  V/ADC  TR  The  latter 

weight  losses  of  VIO^  were  converted  to  oxygen  reaction  by  mult^lplying  by  f[0/231*B6, 
tlie  ratio  of  the  o.xygen  to  o.xide  molecular  v/eights.  Ixinf^muir^'^  found  that  the  oxi¬ 
dation  rate  is  proportional  to  the  collision  rate  of  oxygen  on  the  surface  at  pressur;  . 
belov/  90p.  A  least  squares  fit  to  data  from  this  research  gives  the  following: 

log  K  =  0.433  log  P  -  '1.93  (17) 

where  K  is  the  oxidation  rate  in  g-cm'^-scc"^  and  P  is  the  pressure  in  mm.  The  coef¬ 
ficient  I'or  log  P  is  0.433  1  0.22'),  deteri.nned  at  the  9>  por  cent  level.  This  broad 
region  of  uncertainty  includes  tiic  value  0.)  which  vfouJd  be  the  case  if  the  higher 
pressure  o.xidation  were  controlled  by  the  rate  of  dissociation  of  molecular  oxygen 
to  atoms.  More  accurate  data  is  required  to  definitely  establisli  tlie  pressure  sensi¬ 
tivity  of  the  o.xidation  rate.  Ptirthcr  investigation  of  this  prohleia  is  planned. 
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Fig. 8-Effect  of  temperature  on  oxidation  of  75W-25Ta  alloy, 
900®C-I200*C,  7.6cm  of  Hg  of  O2. 

A-900*C,  B-IOOO^C,  C-I050®C,  D- IIOO*C,  E“I200*C 
(curves  A,  B  and  C  not  corrected  for  vaporization  of  WO3) 
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Fig.  9-Effect  of  temperature  on  oxidation  of  90W-l0Ta  alloy, 
900*0 -I200®C,  7.6  cm  of  Hg  of  Oa- 
A-900*C,  B-I000*C,  0-1050*0,  D- 1100*0,  E-I200*0. 
(curves  A,B  and  0  not  corrected  for  vaporization  of  WO3) 
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Fig.  10-Effect  of  temperature  on  oxidation  of  50W-50To  olloy. 
800‘’C-I200‘’C  -7.6  cm  of  Hg  of  Oo 
A-SOO^C,  B-900®C,  C-IOOO“C, 

D-IIOO"C,  E-I200*C. 

(curves  A,B,C,D  and  E  not  corrected  for  vaporization 

of  WO 3) 
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0  20  40  60  80  100  120  140  160  180 

Time  ( min.) 

Fig.  II —  Oxidation  of  W  and  W-To  alloys,  I200®C,  7.6cm  of  Hg  cf  ©2 
A- Pure  W,  B-90W-l0Ta,  C-75W-25Ta,  D-50W-50Ta 
(curve  D  not  corrected  for  vaporization  of  WO3) 
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Fig.  12-Effect  of  pressure  on  oxidation  of  tungsten,  I200*C, 

7.6  cm -0.76  cm  ofHgof02. 

A-7.6cm,  B-3,8cm,  C-I.9cm,  D-0.76cm. 
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A  Tungsten  Wire 


lO’"^  10'^  I0'2  iO"'  10°  10 

Oxygen  Pressure  mm  of  Hg 

Fig. 13-Oxidation  rate  versus  oxygen  pressure  at  1200®  C 


T/J3L1^  9 

Effect  of  Preijsure  on  Oxidation  of  Tun(Tstcn-1200°C 


O2  Pressure 
cn  of  II, ^ 


^/t.  Gain  (mf>:/cTn^)  at  Time  (min) 

30  60  120  180 


7.6 

'>149 

--- 

3.0 

99 

— 

— 

— 

1.9 

61.5 

118 

— 

— 

0.76 

37 

73 

13O 

1O7 

j^Corrected  for  V/t.  loss  due  to  vaporization  of  V/O^  by  calculation. 
Gorrected  from  vaporization  curve  for  V/O^-  (See  Fi2:uro  7)" 


X-rav  Study 


The  scales  on  selected  specimens  v;ere  examined  by  X-ray  diffraction.  A  9  cm 
Unican  cjiricra  with  Hi  Kc;  radiation  was  used.  The  d-spacincs  arc  plotted  in  Figures 
ill-  through  16.  In  each  case  the  d-spacings  and  intensities  of  the  unlcno^m  oxide  arc 
compared  to;  l)  Ita.,'jneli ' s^^  values  for  the  low  temperature  fom  of  WO^,  2)  Magneli ' 3'-^^ 
values  for  V/](p0)|5  and,  3)  X-ray  data  obtained  in  this  research  from  a  sample  believed 
to  be  a  nixed  oxide  with  composition  Toq  cgW_i,^]^02.Yp.  Tlie  values  for  Ta205  were  not 
Included  since  the  agreement  with  these  lines  v/as  not  as  good  as  for  the  three  clioscn. 
X-ray  spectra  of  the  loose  outer  oxide  removed  from  two  samples  of  90V/-10Ta  are  prc.'- 
nented  in  Fi,gui-e  l)|-.  Samples  of  oxide  scale  from  the  outside  surface  and  from  material 
next  to  the  7!^b'-25Tn  alloy  were  used  for  the  diffraction  lines  sho^m  in  Figure  15 . 

The  surface  scales  from  two  50W-50Ta  samples  v;oro  used  for  the  lines  given  In  Figi-irc 
1-6.  All  of  the  above  samples  were  heated  at  tcmucrature  in  a  vacuum  fi-om  10  to  I5 
minutes  after  the  conclusion  of  the  oxidation  run.  This  may  have  resulted  in  partial 
reduction  of  the  oxide  scales  by  their  reaction  with  the  underlying  metal.  V/e  have 
shown  in  the  vapor  pressure  measurements  that  equllibrlvun  is  not  readily  established 
in  the  solid  phase  below  a  temperature  of  1200  to  1250°C.  This  may  account  for  the 
failure  to  find  identifiable  phases. 

/vlthough  the  patterns  were  similar  to  those  of  tungsten  oxides,  no  clean-cut 
identification  could  be  made.  Significant  differences  in  niunber,  position  and  inten¬ 
sity  of  lines  v:ere  observed.  Uo  oxides  of  tantalum  could  be  Identified  although 
spectrogranhic  analysis  of  the  scales  showed  tantalum  was  pre.sent  up  to  as  much  as 
Cx)  per  cent.  Tlie  results  of  the  analysis  are  shown  in  Table  10.  This  evidence  seems 
to  indicate  the  scales  are  a  complex  o.xide  ouch  as  WjjTayOn  in  \/hich  tantalum  iias 
re})iaccd  tungsten. 
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Fig.  14  --X-ray  diffraction  data  of  90W-10Ta  oxide  vs  standard  patterns 
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Fig.  1 5  -X-ray  diffraction  data  of  75W-25Ta  oxide  vs  standard  patterns 
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TAELIC  3.0 


' i  ':.hic  Analysis  of  Oxide  Films 


Specimen 

'i'ow  1 .  ^ 

1  . 

r. 

,3 1.  ■  'ti 

t.  i'l.  .ilgC* 

\IO-3  Loss 
mg/cm^ 

“•‘/j  Ta 

Analytical. 

Ta 

Calculated 

90V/-10Ta 

1100 

62.3 

5.7 

16.0 

7.8 

9CV/-10Ta 

1200 

47-5 

51.0 

24.5 

7.8 

79W-25Ta 

1100 

58.8 

3-3 

39.2 

19.6 

79V/-29Ta 

1200 

38.9 

l4l .  1 

93.5 

19.6 

90V/-90Ta 

1200 

29.2 

— 

60.0 

39.8 

^^'’rror  es 

timated  10-20 

per  cent  of 

amount  present. 

Per  cent 

Ta  assuming  ‘ 

Ta-V/  ratio  in 

;  oxide  same 

as  in  alloy. 

*Uncorrcetcd  for  evaporation. 


3.  Metal3.0'’';raT]hlc  Study 

Random  specimons  \;ero  chosen  for  motallographic  examination.  The  results  are 
shovm  in  Fifjin-co  I7  throuch  J.9>  and  Table  11  summarizes  the  information.  Ko  conclu¬ 
sive  inlniprotations  caji  be  made  from  these  fev  resuD-ts.  Worthy'  of  note  is  the  ].nck 
of  penetration  3)y  the  oxide  along  crystallographic  planes  of  the  metal. 


T/vBIJi  11 


MetulloGraphlc  Exanination  of  Oxidized  V^  and  W-Ta  Alloys 


Oxidation 


Specimen 

Temp . 

°C 

Wt .  Change 
mg/cm^' 

Metallographie  Results 
and  Oxide  Phases  Present 

W 

1.100 

116.8* 

3  Phases-No  metal  penetration 

v; 

1200 

168.6* 

2 

Phases-Sllght  metal  penetration 

90W-10Ta 

1.100 

68.0* 

1 

Phase-Ketol  penetration 

75V;-25Ta 

■  1100 

99.6* 

1 

Phase-No  metal  penetration 

50W-50Ta 

1200 

29.2 

2 

Phases-No  metal  penetration 

^Corrected  for  vaporization  of  WO^* 


DTSCURi^ION  -  MICROPAi;j;CE  SYSTI'M 

The  equation  =  kt  was  used  to  describe  the  rate  of  oxidation  where  W  =  weight 
'nin,  k  =  oxidation  rate  constant,  t  =  time  and  n  =  slope  of  logiirithmic  plot  of  tlio 
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lOOX  500 X 

75W-25Ta,  1100°C,  100  min. 

Fig.  18  ^-Photomicrographs  of  metal-oxide  interfaces,  90W-10Ta  and  75W-2ila 
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lOOX 


1200°C,  180  min.  500X 

Fig.  19  -Photomicrographs  of  metal-oxide  interfaces,  50W-50Ta 
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data.  The  of  oxidation  ic  determined  by  the  value  of  n.  Parabolic  oxidation 

rates  r^ive  a  value  I'oi-  n  of  2  and  for  linear  rates  n  =  1. 

To  deteirine  val.ues  for  n,  levari tiuiic  plots  of  wei/^ht  gain  vs  time  were  ma.de^ 
nnd  tl'e  sloues  of  tlie  lines  v/ere  deternined.  Figures  20,  21  and  22  show  the  plots 
for  the  ‘j0V/-';i0Ta,  and  90V/-10Ta  alJ.oys,  respectively.  The  results  are  sumjnarixed  in 
Table  12.  The  value.s  for  n  indicate  the  oxidation  of  the  alloys  is  not  readily  ch.'ir- 
aeterizeH  by  ciDier  the  parabolic  or  linear  rate  lav?c.  Hov/cver,  the  yoVZ-lOTa  and 
YVd-2bTa  saiiples  aopear  to  oxidir.e  at  a  rate  vdiish  is  alj'iost  linear  while  the  50V/~50Ta 
specimens  ox.idise  at  a  rate  v:hich  is  nearly  pa.rabolie.  The  latter  data  has  not  been 
corrected  for  UO3  \/eicht  loss. 

Fi.'-ure  23  shoi/s  the  effect  of  tenoorature  on  the  linear  rate  constants  of  the 
tl'.ree  Vi-Ta  alloys.  The  lir.e.s  \/ere  determined  by  a  least  squares  fit. 


TABLF  12 


ou'u'.aiv/’  ef  hinetie  Data  for  Oxidation  of  W  Alloys,  7-6  cm  of  Hf;  of  Oxypen 


Temu. 

Linear  Pate 

Const;. nt. 

ny/cm^/see 

E:p>o.ntial  Const; 

ent  -  n 

°C 

90V/-10Ta 

7‘;V-25Ta 

50'./-50Ta 

90W-10Ta 

75t'-25Ta 

50W- 50T 

CyjO 

O.I07 

___ 

1.70 

3. 93 

1.33 

0.889 

1.03 

i.ho 

1 .  'i  5 

.1 000 

6 . 67 

0.9t5 

1 .  l.t. 

1-33 

1.93 

lofO 

6.09 

7.61 

— 

1.13 

1.16 

— 

1.1 00 

-12. 9 

13. 3P 

1 .  ]  U 

l.lO 

.l.Ot 

2.06 

1  ooo 

23. PP 

22. 7O 

1.50 

1.3'i 

1.21 

1.91 

PXl’M  blM'TlTAL  -  PRFSiltmr;  MEA.TURII:G  0Y3TI-M 


The  cxnerlii'.cntal  results  of  this  study  raid  our  earlier  study  have  shovm  that 
mn'i  ht  (d^iOn  :e  r.iothods  (^ive  an  Ineomplcte  pietux-e  of  the  o.xldatlon  reaction  vxhen  both 
oxidallon  and  volatilization  of  the  oxide  oocur.  To  overctxie  this  difficulty  xin 
oxyp.en  consu-npLion  met.hod  was  devised.  The  appax'atus  i.'a.s  deslqnod  to  measure  oxypen 
c-onsuTiption  by  iieasurinp;  the  rate  at  vriiich  the  pressure  in  a  reservoir  al  1  atmosoliexv 
dx;cx-c;ased  as  oxypen  was  bled  thi'OU';h  a  leal:  valve  into  the  reaction  systx.mi.  Tne 
urcssuro  in  1,'ne  I'vC.aetaon  system  could  be  xainLained  at  a  constimt  value  bc;t:\,'CC'n 
;uxi  7‘>  rii:'  of  Up  iH’cssurc.  Fijeircs  2h  and  25  shov;  the  apparatus.  Essentially  the 
nicrobalance  acseiiibl y  \/as  replaced  by  a  calibrated  vessel  and  three  V/allace  and 
Tiorr.^u".  pressure  ^iaupcs. 


In  I'i  urc  20  p.nupc  0-')080  neasures  the?  pressure  in  tlie  calibrated  reservoir  at 
ll."  beplnniu  '  cf  the  experinent  and  in  the  entire  calibrated  volume  clurinq  the  course 
o "  the  cxi^ci’l?  .ent .  Tl'.e  c.;,.allor  o^^^yes  O-hO  and  O-hOO  rr.casure  the  pressure  at  mxhieh 
tlic  tun  ;stcn  is  rcaetln''.  TliC  oxypen  enters  the  reaction  system  through  the  variabl.e 
lopJv  m.ctci'ir.";  valve  designated  3- 
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Fig. 20- Effect  of  temperature  on  oxidation  of  50W-50Ta  alloy, 
900‘’C-I200“C,  7.6cm  of  Hg  of  O2. 

A-900°C,  B- IOOO®C,  C-I100°C,  D-I200“C. 

(above  curves  not  corrected  for  vaporization  of  VyO^) 
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Fig. 21  -Effect  of  temperature  on  oxidation  of  75W-25Ta 
alloy,  900”C-I200“C  7.6cm  of  Hg  of  O2. 
A-900"C,  B-IOOO”C,  C-IIOO^C,  D-I200"C. 
(curves  A  and  B  not  corrected  for  vaporization  of  WO3) 
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Thermocouple  Leads  Taken  Out 
Throuc^h  Glass  Insulated  Leads 

Tube  Fastened  to  System  by 
Air  Cooled  -  0  Ring 


V 

i\, 

i\\ 


Ni-Cr  Radiation  Shields 


Fused  Alumina  Tube 


Platinum  Winding  -  Norton  Alundum  Cement 


- Tungsten  Sample 


Pt-Pt-Rh  Thermocouple 


Specimen  Support 


Alumina  Chips 


Fig. 25- Detoils  of  furnocc  tube  and  sample  support. 
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Tlic'  sanoJ.o  luid  tiiLc  detaiJ.s  are  shovm  in  Fifoii'C  2>.  Tlio  alniuina  tube  v;hioh 
contnina  the  aa  ipJ.e  ia  attaehec]  to  the  vacuuj.i  system  by  moans  of  IMunf'os  and  rubber 
0-rin"s.  An  aliuaina  sui)port  is  used  to  hoJd  the;  sample's.  The  iurnaec  temperature 
is  muiritainecl  to  +  by  the  use  of  a  calibrated  hi;;!!  sensitivity  controller  and 

a  calibrated  Pt-Pt  +  10  x>er  cent  Rli  tlien.’.oeounle , 

The  sanpl.es  wc.>re  machined  from  hi,''h  purity  rod.  They  v/ere  then  iJollshed  throup.h 
4/0  cm.e  ry  P'oei'  and  vash.sd  with  petroleum  ether  iind  absolute  alcoliol.  The  ends  were 
rounded  to  I'oduec  edsp  effects  noted  in  the  past,  llie  specimens  weighed  about  y.O  nns 
and  had  surface  aroc-vs  of  approxlTiiately  3*9  eni*^. 

Durin:;;  a  typical  experiment  a  !:no\ni  pressure  of  oxyp^cn  \;as  placed  in  the  reservoir. 
The  specimen  was  heated  to  temperature  by  means  of  a  box  rcsis.  Lance  furnace  raised 
around  the  tube  and  the  platiriui.t  furnace  ^/rapped  on  the  tube.  At  a  predetenained 
temperature  the  desired  pressure  of  oxycen  i/as  admitted  to  the  reaction  vessel.  This 
pressure  v/as  read  periodically  cn  O-^jO  or  0-400  sho\m  in  Ficu.x'c  26, 

The  flov/  of  oxy(3cn  from  the  storn,';^e  reservoir  to  l,he  reaction  vessel  to  maintain 
a  Gonstont  reaction  pressure  was  controlled  manually  by  means  of  the  variable  leak 
valve  3  in  Fifpxre  26, 

In  a  typical  analysis  of  an  o:opori)aent,  lot  Py  be  the  prcsr.ure  in  the  otorayo 
sy.stem  huvin;';  in  this  case  a  total  volume  of  2*38.1  ec,  liCt  P^,  be  the  pressure  in  the 
reacLlon  system  ha,vinp;  a  volujne  of  372.2  cc.  Pp  must  first  bo  corrected  for  the 
dilution  elTcct  caused  by  expansion  into  the  reaction  vessel,  ihis  is  done  by  means 
of  the  L’ormula 


l^iVo  = 


P  iV  +  P  V 
do  r  r 


(18) 


\/hc're  Pp  is  the  dilution  pres.sure  in  the  resej'voir,  Pp  is  the  initial  ui’essure  in  the 
i/eservoir,  1^  is  the  i-eactlon  pressure,  Vq  is  the  original  volume;  and  is  the 
reaction  volu,:nc.  Rcurranfriny  the  above  equation  yives 


p  =  p.  - 

d  i  1' 


(]9) 


!''or  a  nxictlon  i)i'essurc  of  13.6  ram  a  correction  of  22  "xn  is  calculated.  In  order  to 
det.cj'uiine  mds/em/-  of  ox.yrcn  reaetinr;  ^P  Is  read  froii  pauye  O-'pOSO  in  Fifpxrc  30  snd 
c’orrecUxl.  For  a  ssriplc  with  a  nui’facc  area  of  cm'"  a  prespurc  ch^{;e  in  the 

resc'i-.'oii'  of  1  mj.i  ic  eciuivalent  tp  a  wcifld  of  1.119  ^  10“*^  (pn/cm*^  of  ory/yon 

c'onsui.icd  .  Tlicrofoi’C,  l.llSl  x  lO”  '  =  fp'.is/cm^  of  oxypen  rcactinp;. 


IIKdUfA'H 

1,  Fi.nc'i.  ic  btui]  ' 


llt'i’ect  of  Temperature 


PL  ure 


I'V  s.ho\/j  ureliir.ir.aiy/  cxldutlcn  curves  for  the  oxidation  of  tunysten  at 
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Fig. 27-Effect  of  temperature  on  oxidation  of  tungsten  1200*-I250‘*C, 

0.5  cm  of  Hg  of  O2. 

A-I200"C,  B-  1250*0. 
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1200  and  1250°C  nt  O.5  cin  of  Ilf;  of  oxyr.en.  The  oxidation  cui'vcn  indicate  the  rate  of 
oxidation  in  dccreanir.f;  with  time.  Fir;uro  28  fron  onr  cav.licr  study  nlio’..’n  the  oxida¬ 
tion  of  wire  oaMulcr.  frail  3200  to  1300°C  at  a  prennurc  of  ].  !iu:i  of  II, y  of  oxyr^en  ax: 
doterininod  Ly  the  i.iicrobalance  nethorl.  Tlie  r.iicrohaJ  uncQ  r.othod  indicate;;  tlic  differ¬ 
ence  heti;cen  oxyf;cn  connuniption  and  lonn  of  WO-^  frerr.  tlic  oxidi;;ed  oannle.  The  prennurc 
method  indicate;;  only  oxyecn  consniiiption.  Fifjuien  p/  a-ud  23  nliou.ld  not  he  used  for 
preeine  caleulationn  nince  the  oxygen  prcnnnre  van  not  the  name,  './ith  tlie  v;lro 
npecimenn  nhoim  in  Figure  20  laont  of  the  tun/^oten  wa.n  oxidi;’,ed,  vdiile  in  the  rod  nneei- 
menn  nhoi.'n  in  Fi'fure  2‘J,  only  a.  small  fraction  of  the  Ga!,nr>].o  v;ac  reacted. 


DTSCUGGIOIf  -  Iddt'iOUPJ':  CIIAIJOE  MIOT^OD 

/'J.thouch  a  number  of  exnerJjiientn  i.'ore  made  with  thin  app.aratun,  experimental 
difflcultien  were  encountered.  The  variable  I.ealc  vnlvcn  availabl.e  were  found  to  he 
inadequate  for  controlllryi;  the  prennurc  in  tlic  reactioii  ny;;te;:i.  ITiin  ivide  it  diffi¬ 
cult  to  obtain  p'ood  experimental  data. 

It  i;an  also  found  that  tun'cnten  should  not  3)e  in  contact  vildi  alumina  or  otlier 
ce:r;ii.dc  maLeritilr.  at  temperaturen  above  1.10C)°C.  Turiysten  trioxide  no].id  ;.uid  alumina 
apiiear  to  foiMi  a  euteoti.e  mixbure  i7ith  a  mel.ti-n:'  point  hedow  1200'^C.  Thin  dif  ficnl  l.y 
van  overco:;.o  by  uniny  a  u.latinum  liner  in  the  aJumlna  furnace  tnhe. 


Tun'':;;tcn  trio.xide  v.aiX' 
nlioiTT.  by  a.  d  i.nco.loratic'n  ('f 
tun''.ntr;n  triordde  varnr  t’lc 


•  wan  found  to  rc.x.t  ■..'iLh  tlic  al.iu.'iria  fum.-icc  t.ul'c  a.n 
tiio  l.uhc.  jifter  ;m  approciah.I e  exposure  of  thf'  bubo 
furnace  tube  ’,.'a,s  found  bo  cracl:  arid  to  I.c-a.':. 


to 


Tie;  prennurc  chriuye  leothod  is  probably  ; 
dabion  reaction;;  cspeciaily  wi;en  u.nod  in  eon. 
Thin  will  bo  tried  in  the  3’uture  wlicn  'oettc-" 


sati.nra.ctory  for  bit; 
iv.nctio.a  wi'bb  tlie  i;ric 
varial  le  ie;.d;  valvi.n 


ntuily 
V-  ■.‘C:. 


of  fact  o;;i- 
method, 
’.a  avai.lable. 


Ib  also  auuearn  th!:'!.  if  the  to.-"pei’uturc  i 
bo  found  bo  li’-iit  the  reaebion  of  tun'p;ten  brt  xido  wlbh  tl; 


to  be  ext'jnded  uownrls  ;;o:iie  i;a;.'  nui 
■Mv.  cerojr.  le  i'urreuec  tidie. 


CURVE  493<)53 


Time  (min.) 

Fig.28- Oxidation  of  tungsten,  wire  sample,  1200°— 
1300°  0,  0.0013  atm.  Og,  abraded,  A  -  1200°  0, 
B-I250°C,  C-I300°C. 
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.‘JCGTIOII  III.  OXIDATIOIi  (;F  'LUIIOS™!  AT  HIGH  TJI-'LPl'.RATimi'.G 


APPAR/ilUC 


Gincc  vfj  have  had  dii'ficulty  rneaGurln"  oxidation  rutca  at  tcinocraturcs  above 
1200^  in  the  two  syatc’nr.  dc.'3crIV)cd  above,  third  ;5yr.to;ii  vo.3  deoityned  for  these 
studies .  Tliis  a])paratus  is  Gho^m  in  Ti’ij^avs  29  and  30.  It  consists  of  a  water 
cooled  P-yrex  furxiaco  tube  in  x.iiicli  tliC  sa’iialo  is  held  on  the  tip  of  xm  alumina  ther¬ 
mocouple  protection  tube.  The  lexids  to  tlie  t.liermocuupD.o  arc  brought  out  throuch  a 
press  seal  in  the  bottom  of  a  f^round  f^lass  cap  v/hicli  is  fitted  to  the  bottom  of  the 
furnace  tube.  Since  the  sa'iiplo  is  heated  indvictively,  the  tiicrmocouple  leads  are 
shielded  to  filter  out  induced  r.f.  current.  The  .success  of  the  filterinj^  is  demon¬ 
strated  by  the  lack  of  chanre  in  the  e.m.f.  of  the  tlier.aocouplo  when  the  induction 
fxxrnace  is  tur.aed  on  xmd  off. 

The  stu.iplc,  in  the  fom  of  a  pellet  0.';  inches  in  diameter  and  0.79  inches  Ion", 
is  oxidised  in  a  stream  of  aryon  and  o.'cyyen.  The  niaount  o[‘  yas  flo^^in,"  tiirouyh  the 
system  is  measured  with  a  flow  meter,  and  the  concentration  of  o::7/"cn  in  the  yas 
exhaust  ts  ncasux’od  with  the  oxyx.cn  yeuye  described  bolovr,  A  ylxis.s  wool  plu"  keeps 
oxide  powder  from  bolnr;  sv.'opt  thi’ou(di  tlio  oxyx'en  f;au"e.  A  v;indoxx  protected  by  a 
shutter  peimits  tompoi'ature  measiirer.ent  i/itli  an  opticxil  pyrometer. 

Tlic  oxyeon  ;';aune  is  shuvm  Gchematic.al]y  in  Fi,'airc  3-1  •  It  c(»isists  of  a  yas  tiyht 
stabilized  zirconia  tube  throuyh  irhicli  the  yus  mi.xturc  is  flowed.  PlatinUin  electrodes 
ai'o  sealed  inside  and  outside  the  tube  to  measure  the  e.m.f.  of  tin;  oxypon  concentra¬ 
tion  cell.  A  thcrmocoup I c  measures  tlie  tomneraturo  at  the  electrodes.  Compressed 
air,  flowed  outside  the  tube,  is  used  as  the  oxyyen  standard.  The  cell  leads  attn.clied 
to  the  electrodes  are  shielded  with  3  mil  plati.niun  sheet.  The  yauye  is  heated  with  a 
controlled  furnace  to  between  800  and  lOdO'^C  to  decrease  the  I’csistancc;  of  the  zirconl 
tube,  pennittin."  a  small  current  to  be  di’axm  from  the  ceil. 

The  current  from  the  oxyyon  coll  is  passed  throu  ;h  a  decade  resistance  box  and 
into  a  Ixjcds  and  liortlii’un  curx’ont  a-ajllf ieia  The  outnut  from  tlie  (.'urx’ent  iuuplifiex'  i:; 
fed  to  a  10  MV  recoi-der.  Tills  arrangement  pemaits  continuous  recordinn  of  a  v/ide 
ranyc  of  vol tapes  from  the  oxygen  eelJ . 

The  oxy ';en  eo.ll  \/as  de-vcloped  at  this  IxiboivxtoiT/  by  V/eisslaart  xmd  iluka*’^'.  It 
embodies  the  nrinclp'es  of  a  concentration  cell  of  the  type 


Pt,  Op  (pj)  I  solid  oxide  1  Op  (pp),  Pt 


where  the  solid  electrolyte  is  (/.iDp)  jp^(CaO)  ,,  , 
I’l.i.’ii,  •  i.lwo'j  li  the  Lube,  xind  po  is  the  i-cfej-ohcc 
air.  'lilt:  e.;  .f.  td’  tie  cell  for  the  reacticn 


the  oxy.ycn  y.ressure  pj  is  tiuit 
pressure,  in  this  cxise,  oxyyen 


in 


Op  +  lie"  20- 


i>,'  'll 


[■  1  I  .  II 


owe.  iMAiri 


Optical 

Flat  Vacuum 


Thermocouple  Leads 

Fig.  29 --System  lor  high  temperature  oxidation  measurements 
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Fig. 30  --Furnace  detail  with  platinum  susceptor  in  place 
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is 


E  =  ^  In  —  =  4.96  X  10"^  T  log  ^  (20) 

nF  Pi 

In  measurements  made  ty  Weissbnrt  and  Ruka  the  GiiUf3e  shoved  a  very  sma].!  error  (  <  1S!o) 
at  100  mm,  the  pressure  measured  here. 


The  sample  material  vas  obtained  in  the  fom  of  Ground  I/2  inch  tiuiGSten  rods 
v^hich  liad  boon  formed  by  swaGinc  sintered  powder  rods.  The  raatorial  was  quite  dense 
and  free  of  pores.  The  principal  Impurities  as  determined  from  spectroscopic  analysis 
are  in  ppm:  Ca,  10;  Cu^  JjO;  Fe,  19;  Si,  10;  Mo,  <  40;  Eb,  <  100;  and  Zr,  <  40.  The 
rods  \;orc  cut  into  3/4  inch  lengths,  both  ends  wore  rounded  by  Grinding,  and  holes 
were  drili.ed  approximately  2/3  of  the  \/ay  through  for  mountinG  them  on  the  thermo¬ 
couple  tubes . 


proc1';dijre 


The  samples  were  cleaned  in  KaOH,  rinsed,  dried,  weighed,  and  placed  inside  the 
furnace.  The  furnace  was  evacuated  and  filled  with  argon.  Tlio  sojnple  was  brought  up 
to  temperature  and  the  argon-o.xygen  mixture  v/as  flovred  over  the  sample.  In  some 
measurements  the  argon-oxygen  mixture  vms  flowed  over  the  sojuple  from  the  beginning. 
There  was  a  lag  between  the  time  the  sample  started  to  oxidize  and  the  time  the 
oxygen-argon  mixture  reached  the  oxygen  gauge.  This  lag  was  greater  when  argon  ^/aa 
displaced  by  the  mixed  gcises  and,  of  course,  it  also  depended  on  the  flov/  rate. 

Fi.ow  rates  less  than  300  cc/min  were  found  to  require  more  than  8  minutes  to  displace 
the  argoi..  High  flow  rates  lov/ered  the  temperature  of  the  gauge  below  the  teniporaturc 
measured  with  the  thermocouple.  At  lower  gauge  temperatures  this  bectime  more  pro¬ 
nounced  and  vms  compensated  for  by  measuring  t]ie  e.m.f .  of  a  Ivnovm  oxygon  conoontra- 
tion  and  calculating  tlio  true  temperature  of  the  gauge  for  tliis  flow  rate. 


Hiring  a  measurement,  the  e.m.f.  was  recorded  continuously,  vihile  the  temperature 
and  flow  rate  were  controlled  manually.  The  temperature  was  usually  held  to  within 
+  20°  wliilo  the  flow  rate  was  within  +  lO'/a.  These  quantities  vrorc  recorded  and  a 
moan  temperature  and  flow  rate  v/oro  used  to  characterize  each  experiment. 


At  the  conclusion  of  a  measurement  the  sample  vias  cooi.ed  in  the  flovdng,  gas 
mixture.  . 


REOUl.TO 


Measurements  wore  made  using  two  orcccdures:  l)  the  sample  was  heated  Inductively 
in  a  strcaju  of  cold  gas,  2)  a  plntinuii  susceptor,  as  shown  in  Figure  3^^  heated 
inductively  tuid  this  in  turn  heatoJ  the  sample  and  gas  by  radiation  and  convection. 
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The  results  of  the  experinento  on  the  stunplcs  hee.ted  inductively  between  OOO  and 
1700°C  are  shoim  in  Fif^res  32  and  33  Jirid  tabulated  in  Table  13*  All  but  three  of 
these  measurements  indicate  a  linear  oxidation  rate.  The  three  deviates  occurred  at 


I'lyO,  iJiyO  and  l698”c. 


TABLE  13 


Oxidation  of  Tunf^sten  P'ajiipD.es  in  One  Atmosphere  of  21^j  02“79/^  Ar 

Samples  Heated  Inductively 


Temperature 

Time 

Rate 

°C 

Minutes 

g-cm"2-sec“^x  10^ 

807 

35 

5. 03 

808 

92 

3.80 

1026 

31 

31.7 

1218 

38 

63-3 

1226 

30 

61.7 

1.470 

27 

233 

1478 

30 

243 

1698 

25 

3hl 

Oxidation  may  bo  expressed  by  the  equation 

=  kt  (21) 

whore  W  is  the  welf'ht  c^in  of  oxycen/cm^,  k  and  n  are  constants,  tuid  t  is  time.  For 
a  linear  rate,  the  exponent  n  is  1,  and  for  a  i)arabolic  oxidation  rate,  n  is  2.  The 
values  of  n  for  those  throe  runs  are:  1.25,  l.].5>  1.07*  Since  these  nmibers  are 

closer  to  unity  than  they  are  to  2,  the  valvies  may  be  considered  to  represent  a  linoai' 
rate . 


Siunples  from  these  measurements  are  shovm  in  Fifpire  3^^*  The  fact  that  the  oxide 
(^rovr,  either  from  the  metal  or  from  a  veiy  thin  oxide  layer  next  to  the  metal,  is  su(^- 
r,ested  by  the  oxide  structure  on  the  sample  oxidized  at  12l8°C.  Here  the  oxide  p.ru^fs 
nomal  to  the  surface,  leaving  a  ridge  at  the  line  where  the  ends  are  roundec! .  At 
higher  tejiiperatures  the  oxide  fonns  a  loose  shell  around  the  sample,  as  in  the  case 
of  the  l666°C  measurement.  Tlie  oxide  in  this  case  apparently  vaporizes  from  the  metal 
condensing  on  the  inside  of  the  oxide  shell.  The  ridge  observed  at  Icvfer  te.mperatures 
is  evidently  filled  by  the  condensing  oxide  gas. 


Figures  35  3b  present  tlie  results  of  measurements  made  v^ith  tlie  siunples 
heated  by  radiation  from  the  inductively  heuted  platinma  susceptor.  All  but  the 
measurement  at  1396°C  indicate  linearity.  The  value  of  n  for  the  deviating  case  is 
l.]li,  or  again  the  o.xidation  rate  is  quite  close  to  being  linear.  The  rate  constfuits 
are  Labuiated  in  Table  Ik.  Figure  37  shows  oxidized  sarsnles  after  removal  from  the 
furnace.  In  rune  of  tlie  measurements  lieated  by  Induction  there  vixs  a  reaction  beL'jeeii 
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\;aix:  th  ‘;>9-‘'7-.  I’t.  ii 


Fig. 32 “Oxidation  of  tungsten  in  21%  Og  -79%  Argon.  Sample  heated 

by  induction. 
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Time  in  Minutes 

Fig.33- Oxidotion  of  tungsten  in  21%  Og  “797o  Argon.  Sample  heoted 

by  induction. 
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1470  C  -  27  min 


1666  C  -  16  mm 


Fig.  34 -Tungsten  oxidized  in  21%  -  79%  Ar.  Sample^  heated  by  induction 
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Fig.35"Oxidation  of  tungsten  in  21%  oxygerj-79%  Argon.  Somple 

heated  by  radiation. 
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Fig. 36-Oxidation  of  tungsten  in  21%  oxygcn-79%  Argon.  Sample 

heated  by  radiation. 
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TTlTn 


1198  C  -  27  min 


Fig.  37  -Tungsten  oxidized  in  21%  0^  -  79%  Ar.  Samples  heated  by  radiation 
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Oirld.-ition  of  'P-anfj;Eten  Ca.’pleo  In  One  At'.KjcpjioT-tj  r>l 

Jjar.tnloa  Ilcc.tod  by  Radiation 


-7'’ 


:porature 

Time 

°C 

F.inutes 

f  I- -c.. 

3G3 

9l|-.9 

10fi3 

26 

’  J, 

J  19a 

27 

I , . 

1 

23.5 

< 

1317 

1(0.5 

1  r^ 

.1 306 

2J1 

71 

ihTf 

23.5 

o1 

Du;  •■.U'.  I'  -'  Uil,o  o.nd  \lQr>.  This  was  much  more  pronounced  vdicu  Dio 
Ijoivl.od  l.y  radiation.  The  sample  oxidized  at  lH77^''C,  o;;dvibitcd  in  !‘’:!  on’o  37,  atj.,  ' 
hnr.  nart  of  the  tlier.ioeouplo  attached  to  it.  The  reaction  bot\.'ecn  and.  ala.iina 
is  (.•■/ih'i.t  a1.  tlie  point  \/hero  the  tube  enter.s  the  srunple.  These  tA.'o  oxides  no}w;ru' 
Ln  !'jr-  !  a.,  loi.'  I'loltiri;-;  eutectic.  The  sample.3  in  these  measuremonts  lor;t  mort'  or.idi- 
I)'.'  VO  '.''  vi  r.u.t.!  on  Lhan  those  heated  in  cold  f^as.  nic  oxide  ro  uainli  ■;  on  the  '  e 
;  i.iu  lu' ■' -a  i-t.'fi  to  l>c;  somc\/liat  more  coherent,  o-lthoudi  in  neitlior  cfise  v/cs  there  I'Vi- 
rlon-'o  tlifit  the  oxide  offered  a  barrier  to  o:;yf;on  <.pa. 


'■'o  doLcr'.iLne  the  amount  of  vaporization  oocurrint';  durin.i;  the  or.idation  process, 
\;cre  v.'oif'lied  after  removal  from  the  furnaec.  Fro;:!  the  Irnitial  weight,  finoi. 
wo'rht  and  extent  of  oxidation,  a  calculation  could  be  made  to  deter; vine  the  omount 
of  Viti-j  JosL.  L'omo  o.xidation  measurements  were  cli(;ehed  by  removin;;  the  oxidp  niechani- 
oally  anu  \.'ci'diiiKi;  the  tuncsten  \fhich  vms  left.  The  \/civdit  of  tunrd’.tcn  coneujned 
could  tlion  lie  compared  to  the  oxygen  consumed.  Diffcr-cnccs  V7cro  loss  tJian  15^.  The 
cafU'  Mith  \du'.ch  the  ycllov/  WO^  oxide  was  removed  arain  indicates  tliat  this  oxide 
could  nut  for.i  a  protective  layer.  However,  the  thin  layer  of  bDic  or.ide  w.as  much 
more  dlfl'icult  to  remove.  The  blue  oxide  is  believed  to  be  W]30i|^. 

Fi.'P-irc  3^!  shov73  the  rate  of  formation  of  WO^  and  its  rate  of  evanoration  during 
oxidation,  ns  calculated  above.  At  temperatures  above  1350°C  the  oxide,  appears  to 
evaporate  as  fast  as  it  is  forr.icd  vmder  the  conditions  of  these  c.xnorimonts .  What  is 
more  iiiiiiortauit  is  that  the  curve  representing  the  rate  of  foriiiation  does  not  change 
s.loix;  above  the  intersection  of  the  evaporation  curve.  This  indicates  that;  1)  the 
rntc  of  oxidation  of  tunrsten  is  independent  of  its  evaporation  rate,  and  2)  the  V/O^ 
does  not  fonn  a  protective  layer.  The  latter  conclusion  may  be  dra^m  from  the  fact"^ 
that  the  thiclcncss  of  the  WOn  layer  decreases  toward  zero  above  13‘j0.  This  data 
shrs.’s  Lhat  the.  rate  of  oxidation  v/ithout  any  significant  amount  of  WO-,  present  is 
coutriillcd  by  the  same  activated  process  as  it  is  with  thick  layers  of  W'O^  present. 


Fi.jure  39  compares  evaporation  rates  of  VJO^  under  three  different  conditions: 
l)  in  a  vacuum,  2)  in  1  atmosphere  of  dr^f  air  using  Spclser's^-^  data,  3)  evaoorution 
in  1  ati:io;;nhcre  of  argon  and  o.xypcn.  In  the  latter  two  cases,  for  the  same  cvavioration 
rate  tliorc  is  aijnroxi.'.iaLeiy  90°  difference  in  the  temperature.  Part  of  this  difference 
c;o\i\c  1  c  due  to  error  in  temnerature  measurement. 
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Fig.39-Logorithm  of  evoporotion  rote  of  WO3  versus  reciprocol  of  absolute 

temperoture. 
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In  these  experiments  the  thermocouple  used  to  measure  teraperature  was  checked 
a'^'.ainst  on  optical  pyrometer  slf^hted  on  a  black  body  hole  drilled  in  the  top  of  a 
tun'^sten  specimen.  V/lien  the  platinum  susceptor  v/as  used  the  difference  in  the  tv/o 
temperature  measurements  was  no  ('renter  than  the  reproducibility  of  the  pyrometer 
readinf'.  In  the  case  of  samples  heated  inductively,  i.e.,  without  a  susceptor,  the 
pyrometer  readings  v/erc  about  28°  higher  tlian  those  read  with  a  thermocouple.  These 
calibrations  v/ere  carried  out  in  an  argon  atmosphere  and  the  correction  made  to  the 
appropriate  measurements.  It  appears  that  thermocouple  error  without  a  susceptor  was 
due  to  heat  losses  through  the  protection  tube. 

There  is  no  reason  to  question  Speiscr's^T  evaporation  measurements  in  1  atmos¬ 
phere  of  air  since  evaporation  rates  in  lower  pressures  of  oxygen  reported  earlier 
(See  Figure  7)  ure  in  excellent  agreement  \;ith  his  data.  However,  the  possibility 
exists  that  the  surface  temperatures  of  the  two  sainples  are  different.  In  the  case 
of  evaporation  of  WO3  there  is  a  heat  loss  of  about  120  kcal/mole  of  W^O^,  whereas 
in  the  case  of  oxidation  of  tungsten  and  evaporation  of  WOo  there  is  a  net  heat  gain 
of  around  I17O  kcal/mole  of  produced.  This  v;ould  require,  in  our  experiments, 

that  a  thermal  gradient  of  about  70°  (dividing  the  90°  difference  in  amounts  propor¬ 
tional  to  the  heats  of  combustion  and  evaporation)  exist  between  the  tliermocouplc 
junction  and  the  surface  of  the  metal. 

This  possible  error,  around  70°,  v;ould  apply  to  oxidation  rates  also.  Since 
measurements  of  surface  temperatures  in  these  experiments  is  not  feasible,  causes  of 
such  a  discrepancy  cannot  he  definitely  established. 

Figure  40  presents  a  comparison  betv/ecn  the  linear  rates  of  oxidation  achieved 
by  each  of  the  tvra  methods,  i.e.,  heating  inductively  and  radiantly.  }3oth  measui’e- 
ments  were  jiiade  at  the  same  pressures.  From  the  slopes  of  these  curves,  heats  of 
activation  of  ?1.0  +1.0  and  23*4  +  2.9  kcal  are  calculated  for  the  inductively  and 
radiantly  heated  samples,  respectively. 

The  measurements  made  with  the  platinun.  susceptor  are  about  l/2  as  fast  as  tliose 
in  v/hicli  the  hot  sample  reacted  with  a  cold  gas.  Figure  I3  shows  the  variation  in 
the  rate  of  reaction  of  tungsten  with  oxygen  as  a  function  of  the  oxygen  pressure  at 
1200°C.  However,  as  Langmuir^®  established  at  lower  pressures,  it  is  not  the  oxygen 
pi'cssure  v/hich  determines  the  rate  of  reaction,  but  the  rate  at  which  molecules  Gtri':c 
the  surface.  Since,  at  a  given  pressure,  the  rate  of  striking  is  inversely  propor¬ 
tional  to  the  square  root  of  the  temperature,  a  hot  gas  should  react  more  slowly  than 

a  cold  gas  at  the  same  pressure.  If  the  pressure  dependence  discussed  earlier 
(Equation  I7)  is  converted  to  collision  frequency  dependence  and  applied  to  this 
case,  tlie  differenefc  between  the  two  cui'vcs  may  be  calculated.  Ulien  this  is  done, 
tlie  mean  ratio  of  the  rate  of  reaction  of  the  radiantly  heated  scu.iple  to  the  induc¬ 
tively  heated  one  is  O.7I  as  compared  to  the  observed  voliie  of  0.48.  On  the  other 

luuid,  if  the  rate  of  oxidation  is  directly  proportional  to  the  collisiu,i  frequency, 
as  found  by  Langmuir  at  lower  pressures,  then  the  mean  ratio  of  the  two  rates  \rauld 
be  0.46.  Tlmis,  tliere  is  a  significant  difference  in  the  results  obtained  by  the  two 
heating  methods  tuid  this  difference  is  apparently  due  to  tlic  collision  frequency  of 
tlie  gas  with  the  sample.  Tliis  treatment  docs  not  consider  tlie  possibility  that  u 
blanlu-'t  of  gas  near  the  inductively  heated  sample  may  be  at  a  higher  tei.iporature  than 
that  at  the  walls  of  the  water  cooled  container.  This  effect  vrauld  decrease  tlie 
difference  between  the  two  cui’vcs  below  the  observed  differential. 
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Fig.40- Logarithm  of  tungsten  oxidation  rote  versus  I/T  in  2l%  02  -797oA. 
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oOMc  (lata  oht.nined  Ly  Spolsci’^^  are  also  plotted  in  Fi/’jnre  ^lO,  Thecc  full  \/ithin 
our  scatter  tor  the  rudiantly  heated  aanplea.  Ills  data  ucre  obtained  under  condi  t,.1  onr. 
sL'.'.ilar  to  ours,  tliat  is,  liis  sanioles  v?erc  heated  by  radiation  and  ojiidij’.ed  in  a  fj;ac 
mir.turo  \/ith  a  total  pressure  of  1  atnospliere . 

FJ 'n-irc  Hi  cori.pares  saj.iples  heated  inductively  in  0.2  atmosphere  oxynen  and  O.O 
atmssolierc  orison  ulth  values  calculated  from  lAni[7:mir^”  at  5  10“^  i.ua  of  Op  for  a 

tunp;stcn  filament  in  a  cold  gas.  langrnuir  found  that  the  oxidation  rate  of  tungsten 
bctvfcen  oOO  aiid  2‘;00°C  vfas  proportional  to  a  temperature  dependent  eonsttmt  multiplied 
by  the  collision  frequency  of  oxygen  molecules  uith  the  metal  surface.  The  pressure, 

'_j  X  10"“-  jivi,  is  tlie  upper  limit  at  vdvlch  this  relation  uas  observed.  Inasmucli  as  tlin 
t^ro  cuir/cs  arc  parallel,  it  seems  reasonable  to  assiune  that  the  sajiic  mechanism  is 
operating  for  both  prco.sures.  A  heat  of  activation  of  22. H  +0-^  kcai  for  Laniynuir ' s 
curve  agrees  vrcll  v/itli  our  value  of  21.0  +  1.0  Real  at  higher  ijressures.  y\t  the  lower 
pressures  used  by  Lanmuir  there  v/ore  probably  no  more  than  a  few  monolayers  of  oxide 
on  the  tungsten  surface,  espocta3.1y  at  the  higher  temperatiu'cs .  This  is  furtlier  con- 
fiiViation  tliat  a  thlckei-  layer  of  oxide  is  not  protective  since  the  activation  energy 
foi“  a  "clean"  surface  is  practically  tlic  sane  as  that  found  \fith  a  considerable  aj.iount 
of  oxide  on  the  surface.  Ihnrther.no re,  the  low  pressure  measurementD  strongly  sug/'icst 
that  iiicasaren'cr.ts  at  higher  temperatures  in  0.2  atmosphere  Op  and  0.8  atmosphere  Ar 
vdll  follovy  the  extrapolated  curve  presented  in  Figure  Hi. 
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SECTION  IV.  SU'TIAOT  MD  CONCLUSIONS 


In  this  report  \ic  have  presented  the  results  of  invcstl[^ationn  into  the  followln" 
areas;  ])  the  vapor  pressure  over  V;()2,  2)  rate  limiting  factors  in  vauorization  pro- 

cessesj  3)  thcrmodyncunics  of  the  tunn.stcn  oxides,  J()  oxidation  rates  of  tunp;stcn- 
tantaJurii  alloys  hotuecn  800  and  1200°C,  5)  oxidation  rates  of  tunp,stcn  from  800  to 

lyOO^G,  and  6)  effects  of  oxygen  pressure  and  oxide  evaporation  rates  on  the  kinetics 
of  tun  rsten  o;cidation.  In  the  course  of  these  inquiries  several  pieces  of  equipment 
have  been  designed,  including;  l)  a  device  for  measui-cment  of  oxidation  rates  by 
determining  cps  consumption,  2)  a  high  teisipcrature  vacuiun  induction  furnace,  3) 

Invar  vacuum  balance,  and  k)  a  nev  apparatus  for  malcing  higli  tempcratui'c  oxidation 
rate  studies. 

The  prcssuj'c  of  measured  over  UOo  and  W  is  virtually  the  same  in  either 

tungsten  or  platinura  Knudsen  ceils  tind  is  consistent  with  the  thermal  properties  of 
V/Op  and  V/O^,  Failure  to  anproach  equilibrium  in  tlie  solid  phases  at  a  rate  greatci- 
than  the  evapoi-ation  rate  at  temperatures  belov;  the  1200  to  12‘pO‘^C  j'angc  is  believed 
to  lie  caused  by  an  activated  process  of  high  activation  energy  (  >  iko  kcal).  It  is 
sugge;rtcu  that  tliis  procedure  may  be  nuolcation  mid/or  growth  of  the  other  phases. 

Fi'oc  enorf^y  and  lieat  of  fornution  ai-e  calculated  for  the  two  tungsten  oxide 
phases,  Uj^gOj|(i  and  UooOi^j;^,  from  vapor  pres;jures  obtained  In  this  study  ajid  froiri  liter- 
atui’o  data.  These  values  are  believed  tcj  be  r.u^re  reliable  tlr-ui  previously  reported 
csti nates  baaed  on  less  complete  data. 

A  contrivance  has  been  produced  to  measure  oxidation  rates  by  determining  the 
rate  of  prcssiu'c  decline  in  a  reservoir  wiiich  feeds  a  constant  pressure  reaction 
vessel,  Tlie  device  has  not  always  performed  satisfactoriiy,  fur  tlie  micrometer  valve 
used  to  blcvd  the  reservoir  vras  faulty,  and  l.he  alumina  fui'nace  tube  in  vdiich  tungsten 
sfijm[)ies  v/eixf  o::idizcd  iias  reacted  v/itii  the  tungsten  oxide.  This  sitiaation  can  be 
remedied  by  using  an  automatic  constant  pressure  majiostat  and  by  lining  tlic  ai.umina 
furnace  with  platinum, 

A  new  vacuujn  balance  has  been  constructed  of  Invar  (a  inatcriai  with  a  very  lo./ 
thennai  expansion  coefficient)  to  study  oxidation  rates  of  tungsttm  and  tung;stcn- 
tantalum  alloys.  The  tungs'^t^n  ir.casurcmcnos  were  made  to  determine  the  kinetic  effocti; 
of  oxygen  pressure.  Althcugh  there  is  considerable  uncertainly  about  the  mensurations, 
it  appears  that  rate  may  be  controlled  by  dic.scciation  of  O2  to  atoms.  At  lower 
prcsGuies  Lan.Ttiuir 'found  that  the  rate  of  reaction  is  [)roportl(mal  to  the  freqiujncy 
of  collision  of  o;:ygcn  molecules  with  the  surface.  I-'ore  accurate  data  are  needed  to 
establish  ll;e  pressure  dependence  of  the  oxidation  rate. 

tiecouremcnts  on  the  tungstcn-tantalun  alloys  indicate  that  adrlilion  of  tantaln’. 
irn'orovcG  the  oxidation  resistance  of  tun;;Gten.  At  UXlO^C  UOV'-JOTa  and  Yl'N-P^Ta  each 
o;:idir.o  a.L  lO'i  of  the  tungsten  j-atc,  while  the  oxidation  rate  of  fO'./-50Ta  anoeeuxr  to 
iie  .'d  out  .lO'i  of  tun  isten  alone,  Come  question  of  tlie  accuracy  of  this  latter  1  .c;j.suri.- 
:,;ept  exists,  since  the  quaxitity  of  V.'Oo  lost  oy  evaporation  is  not  knovm,  I-Airlhor 
study  of  the  ',0-‘}0  alloy  is  plaiuied. 
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ApparaLus  for  the  nieasureinent  of  oxidation  rates  up  to  1700^C  has  been  constructed. 
In  LlrJs  equipment  the  oxid.ation  rate  is  dctcniiined  by  mcasurinf'  the  oxygen  concentra¬ 
tion  in  .a  ]:noTO  mixture  of  argon  and  oxygen  after  it  has  flov/ed  over  the  sample.  The 
o'ciriation  of  tunf'sten  between  800  and  has  been  found  to  be  independent  of  the 

oxide  evaoorntion  rate,  to  be  linear,  to  result  in  either  no  proteetion  or  the  forma¬ 
tion  of  a  very  tliin  barrier  layer  and  to  for.n  an  oxide  vliieh  grows  from  the  metal  or 
a  very  thin  oxide  filii\.  If  a  proteetive  oxide  layer  is  formed,  it  is  probably 
However,  the  identifieation  by  x-ray  diffraetion  of  oxides  other  than  WOo  is  uneertain 
due  to  tlie  apparent  failure  of  the  solid  phases  to  eorae  to  equii.ibrium  with  adjacent 
oxide  layers.  The  principal  evidence  for  the  presence  of  a  protective  film  is  the 
strong  adlicrencc  of  a  purple  scale  to  the  underlying  metal.  On  the  other  hand,  neitlier 
the  shufio  of  the  kinetic  euives  nor  the  evident  resemblance  in  mechanism  between  this 
work  anfl.  I,an!'jmulr' a  low  pressure  measurements  supports  the  hypothesis  that  a  proteetive 
lu,yer  is  present  at  high  temperatures. 
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